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Tiefziehstähle werden in vielen Bereichen, wie z.B. in der 
Automobilindustrie, eingesetzt. Ein sehr wichtiges Kriterium dieser 
Materialien ist deren mechanisches Verhalten. Grundsätzlich betrachtet 
sind Stähle Verbundmaterialien deren makroskopisches mechanisches 
Verhalten vom Verformungsverhalten der einzelnen Strukturelemente, z.B. 
Körner, Ausscheidungen, Phasen sowie der zugehörigen Grenzflächen, 
bestimmt wird. In dieser Arbeit wurde ein nichtlegierter Tiefziehstahl 
DC04 untersucht. Zu Beginn wurde die Mikrostruktur analysiert, 
anschließend wurden mechanische Experimente an ausgewählten 
Mikrostrukturelementen durchgeführt und danach massive Proben 
mechanisch getestet. Diese Experimente wurden an Stahlproben aus der 
gleichen Charge, nach dem Warmwalzen, Kaltwalzen und 
Wärmebehandeln, durchgeführt, um den Einfluss unterschiedlicher 
Mikrostrukturen und unterschiedlicher Verformungsgrade zu untersuchen. 
Zusätzliche in situ Heizversuche im Rasterelektronenmikroskop dienen zur 
Untersuchung der Entwicklung der Mikrostruktur des kaltgewalzten 
Materials. Diese Experimente, zusammen mit den Proben aus den 
unterschiedlichen Prozessschritten, ermöglichten die physikalische 
Charakterisierung der Mikrostrukturentwicklung. Zwei mögliche Ursachen 
wurden für die beobachteten Unterschiede in den Mikrostrukturen 
diskutiert. In einem ersten Gedankenexperiment konnte gezeigt werden, 
dass die Mikrostrukturentwicklung aus einem Wettbewerb zwischen 
Kornwachstum und Erholung besteht, was beides durch die Reduktion der 
plastischen gespeicherten Energie getrieben wird. Eine weitere Möglichkeit 
wäre, dass bei erhöhten Temperaturen eine erhöhte Anzahl an wachsenden 
Körner vorhanden ist, die zu einem Gefüge aus kleineren Körnern nach 
dem Wärmebehandlung führen würde. Zusätzlich wurde herausgefunden, 
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dass Subkornbildung und die Nukleation neuer Körner eine untergeordnete 
Rolle im DC04 Stahl spielen. Mikrodruckversuche wurde an Säulen mit 
Durchmessern von 0.5 μm bis 22 μm durchgeführt, um das 
orientierungsabhängige Spannungs-Dehnungs-Verhalten zu untersuchen. 
Für Probengrößen kleiner als 2 μm folgt DC04 Stahl dem mechanische 
Verhalten von ?-Eisen. Für größere Säulen konnten Abweichungen 
festgestellt werden, die dem mechanischen Verhalten von massivem DC04 
Stahl ähneln. Experimente an Säulen aus Bikristallen und Polykristallen 
zeigten, dass das mechanische Verhalten des DC04 von Korngrenzen nicht 
beeinflusst wird. Dies ist in Übereinstimmung mit makroskopischen 
Zugversuchen, bei denen das mechanische Verhalten von der 
Probenorientierung relativ zur Walzrichtung abhängt. Mit einem Voigt-
Model, das die Texturinformationen mit den orientierungsabhängigen 
Verformungsdaten kombiniert, war es möglich das anisotrope 
Verformungsverhalten des Massivmaterials nachzubilden. Diese 
Ergebnisse deuten an, dass das makroskopische Verhalten dieses Stahls aus 





Deep drawing steels are used in many fields such as the automotive 
industry. A very important criterion for these materials is their mechanical 
behavior. Fundamentally, steels are composites where the deformation 
behavior of structural units such as grains, precipitates, phases and their 
inherent boundaries affect the macroscopic mechanical response of the 
material. In this work, a simple non-alloyed deep drawing steel was 
investigated. First, the microstructure was analyzed, then small scaled 
mechanical experiments on selected microstructural units were performed 
and then bulk steel samples were mechanically tested. Experiments were 
performed on steel samples as received from the same batch after hot 
rolling, cold rolling and a heat treatment step in order to investigate the 
effect of different microstructures and degrees of deformation on the 
deformation behavior. Additional in situ heating experiments in the 
scanning electron microscope were performed to investigate the evolution 
of the microstructure starting from cold rolled steel. These experiments, 
together with the samples from different production steps, allowed for the 
physical characterization of the microstructural evolution. Only minor 
effects of subgrain formation or nucleation of new grains during 
recrystallization were found to be present. Two different aspects were 
discussed that explain the differences in the observed microstructures after 
the different heating temperatures. In a first Gedankenexperiment it was 
shown that the formation of the new microstructure at the different 
temperatures is governed by a competition between grain growth and 
recovery, both driven by the reduction in stored plastic energy. A further 
possibility may be that the observed differences in grain size are an effect 
of the increasing number of growing grains with increasing temperature. 
Microcompression experiments on pillars with diameters ranging from 
Abstract 
IV 
0.5 μm to 22 μm were used to investigate the microscopic and orientation 
dependent stress-strain response. For sample with sizes smaller than 2 μm 
the mechanical response of DC04 follows the behavior of ?-iron. For 
larger samples deviations were identified that result in a mechanical 
behavior that is similar to bulk DC04. Experiments on pillars from 
bicrystals and polycrystals showed that the behavior is not strongly 
influenced by the presence of grain boundaries. This is in agreement with 
the results found in the macroscopic tensile tests where the response of the 
material depended on the orientation of the sample relative to the rolling 
direction. Using a Voigt model that combines the texture information with 
orientation dependent deformation data, as obtained from pillar tests, it was 
possible to reproduce the deformation anisotropy of the bulk material. 
These results indicate that the macroscopic behavior of this steel is purely a 
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Deep drawing steels are important materials in the automotive industry due 
to their applications as vehicle bodies, fenders, floor or door panels. 
Dependent on their application, they have to provide different mechanical 
properties as for example high yield strengths, tensile strengths and high 
fractures strains. During deep drawing, deformation degrees of up to 70 % 
can locally occur in these materials and therefore excellent formability 
properties should be provided. A further important aspect is the 
deformation behavior of the material during crashes. To protect the 
occupants inside the vehicle, the material is expected to have high strengths 
and deformability, so that most of the energy that is released by the impact, 
is consumed during the deformation. All these different demands lead to a 
high variety of materials that were developed within the last decades. In 
Figure 1.1 different types of steels are depicted that are generally used in 
automotive applications, dependent on their fracture strains and strengths. 
Figure 1.1 shows that the combination of high strengths and high fracture 
strains is difficult to realize. Important representatives of low carbon deep 
drawing steels are interstitial free steels (IF) that contain high Ti 
concentrations, fine grained IF steels and DP steel that have a 
ferrite/martensite microstructure. Within the last decades a new class of 
high alloyed steels were developed which contains high concentrations of 
manganese. These materials exhibit high strengths and high ductilities at 
the same time due to phase transformations [1-3] or twinning processes [4, 
5] that occur locally in the material during deformation. One further 
advantage is the high amount of energy that can be absorbed during the 
phase transformation or twinning processes. As a consequence, these 




Figure 1.1: Important deep drawing steels that are used for automotive applications 
[6] 
Modern steels are complex materials often containing several alloying 
elements and different phases, for example ferrite, martensite, bainite or 
cementite which are not in thermodynamic equilibrium. All phases have 
very different mechanical properties and therefore the overall mechanical 
behavior of this composite material is strongly influenced by its 
microstructure. The spatial distribution of the different phases and the 
texture of the polycrystalline material is a result of the alloying elements 
and the processing conditions during steel production.  
The experimental optimization of a process chain is very time and cost 
intensive. Attempts are made to reduce cost by simulating the material 
response during different process conditions. For high alloyed steels these 
simulations can be complex and a route has to be established for validation 
of such models. The Graduiertenschule 1483 (Research Training Group), 
research area A, focuses on ????????? ??????? of ?????? ???????? ????? ????
overall aim to simulate the whole process chain of a deep drawing steel. 
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During the production of deep drawing steels, the material is exposed to 
different process steps such as hot rolling, cold rolling and a final heat 
treatment (Figure 1.2). All these processes have an impact on the 
microstructure of the final sheet metal and therefore on its mechanical 
response. In this research area, phase field models (A3) and texture models 
(A1) are developed to simulate the evolution of the microstructure and 
texture during heat treatment. Further projects develop phenomenological 
models (A4) or micro mechanical models (A2) to simulate the mechanical 
response of the heat treated sheet metal during deep drawing. The 
development of these different material models requires a variety of 
experimental data that give information about the evolution of the 
microstructure as well as the deformation behavior of the sheet metal after 
the different process steps. This data is required not only as input data for 




Figure 1.2: Schematic of the process chain that is addressed by the research area A 
within in the Graduiertenschule 1483 
1 Introduction 
4 
In research area A, the focus is on a non-alloyed low carbon DC04 steel 
as a starting material for developing an understanding of the physical 
process and to simulate the process chain. This steel is also the material 
under investigation of this thesis. It has a relatively simple chemical 
composition and exhibits a single phase ferritic microstructure. Several 
aspects of this material have been investigated experimentally in this thesis. 
In all cases attempts were made to correlate the experimental results with 
underlying processes with rather simple descriptions. More detailed 
descriptions and advanced modeling of this material can be found in the 
Ph.D. theses of the project partners within Graduiertenschule 1483. 
In Chapter 4 of this thesis the formation of the recrystallization textures 
was investigated by heating experiments at different temperatures and 
heating rates. During these experiments, the local microstructure was 
monitored by EBSD which is a suitable method to investigate the local 
microstructures at high resolution. These experiments gave new insights 
into nucleation processes, grain growth and the evolution of dominant 
texture components in DC04 steel.  
In order to predict the deformation behavior of the final sheet metal, 
deformation processes that occur on the micro scale need to be understood. 
An efficient way of probing the mechanical behavior on the micrometer 
scale is microcompression testing [7]. This method is described in 
Chapter 5. It gives the possibility to investigate the deformation behavior of 
samples with different crystal orientations, the influence of grain 
boundaries, alloying elements and stored plastic deformation. The 
information obtained on the texture of the material and the data that 
describe the local deformation behavior were combined in Chapter 6 in a 
coarse estimation that can roughly predict the macroscopic anisotropic 
deformation behavior of the sheet metal.  
Overall, this thesis gives an overview of the evolution of the local 
microstructure during heat treatment and the deformation behavior of 
1 Introduction 
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DC04 steel on different lengths scales. Besides providing insight into 
several isolated aspects associated with mechanical size effects, 
microstructure evolution and texture evolution it attempts to combine 
microstructural information with small scale mechanical data to describe 
the macroscopic stress-strain response of a sheet metal. The focus of this 
work is on experimental research and the models used here are neither 
accurate nor precise but hopefully will help to understand the physical 
effects that govern the microstructural evolution as well as the stress-strain 








The process chain of deep drawing DC04 steel is composed of different 
process steps such as hot rolling, cold rolling and a subsequent heat 
treatment procedure. All these processes have an impact on the 
microstructure and the deformation behavior of the material. The aim of 
this work is to investigate the microstructure of the DC04 steel after each 
process step and the resulting deformation behavior. In this work, the 
microstructural investigations were performed by Electron Backscatter 
Diffraction (EBSD). Section 2.1 gives a short introduction on different 
possibilities to represent microstructural data that were determined by 
EBSD. Over the last decades, the influences of hot rolling, cold rolling and 
heat treatment processes on several fcc and bcc metals were investigated by 
different research groups. Section 2.2.1 and Section 2.2.2 give a short 
summary on resulting textures and microstructures with a focus on low 
carbon steels. In Section 2.2.3, some of the basic mechanisms that control 
recovery and recrystallization processes during heat treatment of strongly 
deformed material will be presented. 
The macroscopic deformation behavior of a metal is related to its 
microstructure, and may be viewed as a composite material consisting of 
small elements with sizes smaller than the characteristic length of the 
sample microstructure. In order to elucidate the macroscopic behavior and 
its dependence on the microstructure it is useful to investigate the 
mechanical behavior of such small samples. An efficient method to probe 
the deformation behavior of single crystalline or polycrystalline samples 
with diameters of several μm is the microcompression technique. This 
technique has been widely used to investigate the deformation behavior of 
several fcc and bcc metals. Some relevant results will be summarized in 
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section 2.3 as well as some mechanisms that may explain the strengthening 
and the size dependent deformation behavior of micro pillars.  
2.1 Description of crystal orientation and texture 
The two most common methods that are used to determine crystal 
orientations are x-ray diffraction and the Electron Backscatter Diffraction 
(EBSD). The limiting factor that controls the spatial resolution of x-rays is 
the size of the beam spot which lies in the range of several mm for 
conventional x-ray diffractometers. Therefore, this method is typically used 
to determine the texture and other spatially averaged information such as 
the average grain size. In this work, we were interested in investigating 
local orientation changes within and between different grains and therefore 
it was necessary to acquire crystal orientation data with very high spatial 
resolution. For this reason EBSD was chosen as the adequate technique 
which has a spatial resolution down to ~20 nm. A detailed description of 
the EBSD technique, the analysis of the diffraction pattern and of several 
methods that are used for representing texture and crystal orientations can 
for example be found in the literature of Schwartz et al. [8] and Engler et 
al. [9]. The following paragraphs will give a short overview on three 
different methods that have been used in this work to represent crystal 
orientations and texture components. 
2.1.1 Pole figures 
Pole figures describe the orientation of selected crystals relative to the 
sample coordinate system which also serves as the reference system. The 
pole figures used in this work are based on a stereographic projection. An 
example of this projection is shown in Figure 2.1. A sphere is drawn 
around the center of the unit cell of the crystal whose orientations will be 
determined. A projection plane is drawn at the great circle parallel to the 
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xy-plane of the sample coordinate system (equator). The directions in the 
crystal that are of interest (e.g. <111>) are extended until they intersect the 
surrounding sphere. Lines are drawn from the intersection points to the 
south pole (projection center) of the sphere. This line intersects the 
spherical projection plane at a point that is then used to represent the 
crystal orientation. The pole figure is a plot of the projection plane 
containing all the measured crystal orientations where each three 
dimensional crystal direction is plotted as a single point onto the projection 
plane. By plotting density maps onto this plane, information of the texture 
can be displayed. Pole figures are very common in x-ray diffraction but can 
also be generated from EBSD data. The advantage of the stereographic 
projection is that it conserves the angles between different crystal 
directions and therefore crystal symmetry is also visible in the pole figure. 
 
 







Figure 2.2 shows an example of three pole figures that were measured 
for a DC04 steel by EBSD. In the case of sheet metals that are exposed to 
rolling processes the axes of the sample coordinate system are usually 
defined as rolling direction (RD) and transverse direction (TD). In 
materials that have a cubic crystal structure two pole figures are generally 
necessary to present the full crystal information. In this work, the {111} , 
{110} and {100} pole figures are typically plotted together.  
 
 
Figure 2.2: {111}, {110}, {100} pole figures of cold rolled DC04 steel 
Another way of representing orientations is the use of crystal directions 
in the form of {uvw}<hkl>. In this case {uvw} is the crystal direction 
along the sample normal (z direction) and <hkl> the direction along the x 
direction. In EBSD the z axis is called normal direction (ND), the x axis 






2.1.2 Inverse pole figures 
Inverse pole figures describe the orientation of the crystal relative to a 
selected sample direction. They display crystal orientations along to a 
specific axis of the sample coordinate system. According to the cubic 
crystal system of DC04 steel, the measured crystal orientations are plotted 
in a standard orientation triangle which is defined by <100>, <110> and 
<111> orientations. An example of an inverse pole figure is shown in 
Figure 2.3a. The standard triangle can be highlighted in colors as shown in 
Figure 2.3c and the investigated EBSD area plotted with the colors that 
correspond to the crystal orientations (Figure 2.3b). In cubic crystal 
systems the full three dimensional information about the crystal 
orientations are given by plotting the inverse pole figure along two 




Figure 2.3: (a) Inverse pole figure of a heat treated DC04 sample with cubic crystal 
structure along the normal direction. (b) is an inverse pole figure map. In this map 
the data points in (a) are color coded according to (c) and plotted at their position 











2.1.3 Euler space 
Crystal orientations that are determined by EBSD can be expressed in 
terms of Euler angles for example in the Bunge notation. The Bunge 
notation [11] describes the rotational transformation of the sample 
coordinate system, which serves as the reference system, into the crystal 
coordinate system by sequential rotations around the z-??-???????????????, 
? and ?2 which is depicted in Figure 2.4.  
 
 
Figure 2.4: Schematic rotation of the sample coordinate system into the crystal 
orientation by using the Euler angles in the Bunge notation [12]. The sample 
coordinate system is sequentially rotated around the z-??-???????????????????????????
angles ??, ? and ?2.  
Every orientation that is expressed in terms of Euler angles can be 
represented as a point in the Euler space. The Euler space is a 3D 
coordinate system whose axes are represented by the three Euler angles ?1, 
? and ?2. For materials with a cubic crystal symmetry, Euler angles are 
ambiguous and equivalent orientations result in a number of different 
spatial points in the Euler space. As a consequence the Euler space can be 
reduced to 0<?1<?/2, 0<?<?/2 and 0<?2<?/2. An example of an Euler 
space including data for a material with bcc crystal structure is shown in 
Figure 2.5a. For better visualization, the Euler space can be divided into a 
?1 ?? ?2 
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series of planar cross sections parallel to one axis with equal distance of for 
example five degree (Figure 2.5b). 
 
 
Figure 2.5: (a) Orientation distribution of a DC04 steel plotted in the Euler space 
and (b) the corresponding serial section through the Euler space parallel to ?1 with 
the calculated ODF. 
2.1.4 Orientation distribution function (ODF): 
In general, individual poles in a pole figure or Euler space represent a given 
orientation. However, a quantitative description of these poles is difficult, 
as all data points in the EBSD map appear as overlapping spots in the Euler 
space or pole figure if they have same orientations. For a quantitative 
evaluation of the texture an orientation distribution function (ODF) of these 
poles needs to be calculated. The ODF is a probability density function 
?(?)  defined by the volume fraction ??/? of crystals that have the 
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???? = ??/???  , ? = {?1,?,?2} (2.1) 
where ? is the sample volume and ?? is the volume of all crystallites ? 
with the orientation ? within and orientation element ?? [14]. A detailed 
description of the calculation of ODFs can be found in the literature [13, 
14].  
2.1.5 Density of geometrically necessary dislocations 
calculated from EBSD data 
In a perfect crystal, the orientation does not change when different 
locations of the sample are investigated. This is different in real crystals. 
There the crystal orientations can vary which is accomplished by lattice 
defects. Common defects that are responsible for the rotation of the crystal 
lattice are dislocations which can be induced by plastic deformation. Even 
in annealed metals small changes of the crystal orientations can be 
observed that are significantly below 1°. During plastic flow, dislocations 
nucleate and multiply and may lead to misorientations within a crystal. 
These misorientations correlate with the number of dislocations that are 
introduced into the lattice. The Euler angles that are measured by EBSD 
can be used to calculate the misorientations between two data points. 
Within the last two decades, several methods have been developed to 
determine the dislocation density from EBSD measurements. In general, 
only the density of geometrically necessary dislocations (GND) can be 
determined by the misorientation angle. The statistically stored dislocations 
do not contribute to orientation changes and are therefore not accessible by 
EBSD. These dislocations do not lead to orientation changes because the 
effect on the crystal orientation cancels out. An example for this are two 
dislocations with opposite Burgers vectors in close proximity which do not 
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lead to a change in orientation as long as distances larger than their spacing 
are considered. Several concepts exist that allow to calculate the density of 
GNDs from EBSD data. The first group of concepts is based on the 
calculation of a dislocation density tensor ???  that was introduced by Nye 
in 1953 [15]. The components of this tensor can be determined by 
calculating the rotational gradients gij ,k   
??? = epkj gij ,k  (2.2) 
where ? indicates a permutation symbol. The orientation gradient is then 
calculated by dividing the minimum misorientation ?? between two data 





This approach was used by Demir and Raabe [16, 17]. Similar approaches 
were used by Pantleon [18, 19]. In their studies they used quaternions in 
order to calculate the curvature of the lattice. For calculating the dislocation 
density tenor, different assumptions have to be made. In fcc metals 12 glide 
systems ? exist, that can be activated during deformation and each glide 
system is defined by a Burgers vector ? and a glide direction ?. The 
dislocation density tensor is a sum over all individual dislocation densities 
that are activated by slip.  
??? =? bit ljt
N
t=1
?t  (2.4) 
In order to calculate the nine components of the dislocation density tensor, 
different assumptions have to be made, which of the independent slip 
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systems is active. This leads to some uncertainties in the calculated GND 
density. A related problem results from the EBSD technique itself. In most 
studies the EBSD data are only acquired by two-dimensional scans and 
therefore the gradient information on the third dimension of the sample is 
lacking. As a consequence the corresponding parts in the dislocation 
density tensor cannot be determined.  
Due to all these limitations, a simpler concept was chosen here. The 
estimation was performed by considering a cube with an edge length ? and 
realizing that its initially parallel planes are distorted by the presence of 
dislocations (see Figure 2.6). Placing a single straight edge dislocation 
inside the cube leads to an elongation of one edge by the Burges vector ?. 
The additional half lattice plane leads to a bending and therefore to a tilt 
angle between two side faces against each other by ? = ? ??  approximating 
tan ? = ?. This concept can easily be extended to more dislocations where 
n dislocations lead to a tilt angle of ? = ? ? ?? . Using the dislocation 
density as the total line length per volume ? = ? ?2?  therefore gives 
? = ? ? ? ? ?. With this relation the misorientation ? as determined from 
EBSD measurements can be interpreted. When the data were recorded on a 
grid with spacing u, the dislocation density can be estimated by multiplying 
the misorientation angle ? according to 
? = ? (? ? ?)?  (2.5) 
It has to be emphasized that this treatment does only give estimates for the 




Figure 2.6: Schematic bending of cube with a length u due to the introduction of 
parallel edge dislocations into the lattice. For this case n=8. 
2.2 Processes during steel production and their influence on 
the microstructure of bcc metals 
2.2.1 Hot rolling 
Hot rolling processes for low carbon steels are usually carried out in the 
austenite region (?-region) [20-24]. The material is usually exposed to 
several rolling passes in which the microstructure can recrystallize due to 
the high temperature during deformation. After the last rolling step a weak 
rolling texture {001} <110> can develop in the center layer of the sheet 
metal. Raabe et al. [23, 24] investigated that a negligible texture gradient 
develops trough the sample thickness if the hot rolling procedure takes 
place in the ?-region. After hot rolling, the subsequent cooling process 
leads to a phase transformation from the fcc into the bcc crystal structure 
which leads to a random texture with equiaxed grains. Jonas et al. [25] 
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observed that the resulting microstructure after the hot rolling process 
depends on the temperature of the hot rolling process. At higher 
temperatures, the microstructure can recrystallize during the deformation 
process which results in relatively large grains after cooling. This 
recrystallization temperature depends on the alloying elements and the 
amount of stored energy due to the introduction of dislocations during 
rolling. For low carbon steels this temperature lies around 900°C. If hot 
rolling takes place below this temperature, the ?-grains do not recrystallize 
during hot rolling and the grains remain strongly deformed and elongated 
along the rolling direction. This leads to a microstructure that consists of 
smaller grains after the ??? transition.  
2.2.2 Development of cold rolling textures in bcc metals 
The evolution of the microstructure during cold rolling of bcc metals, low 
alloyed and high alloyed steels became of great interest in the 20th century 
due to their industrial importance in the automotive industry. The 
microstructure and texture of the cold rolled steel sheets have a major 
influence on the deformation behavior of the annealed material. Therefore 
significant effort is still devoted to research in the fundamental mechanisms 
that cause the formation of cold rolling textures in these materials. During 
the last 20 years, deep drawing steels with high contents of alloying 
elements e.g. Mn or several phases, e.g. ferrite/martensite, became 
important materials because of their high strengths and high deformability. 
Therefore, the influence of alloying elements, different phases and 
precipitates on the evolution of the microstructure during steel production 
became important. Information about cold rolling textures of more complex 
steels can be found in the literature [26]. This chapter will focus on the 
development of cold rolling textures of low alloyed steel with a ferrite 
microstructure. Raabe, Hölscher, Lücke and Inagaki [22, 23, 26-28] 
investigated the texture evolution during cold rolling processes of several 
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bcc metals such as Ta, Nb, Mo and W as well as low alloyed steels. These 
experiments were all performed by x-ray diffraction with a MoK? radiation.  
In general, bcc metals and their alloys tend to form fiber textures during 
deformation especially during cold rolling processes. Table 2.1 shows 
fibers that typically develop during cold rolling of bcc metals and their 
locations in the Euler space. Within these fibers, some relevant components 
exist that dominate the texture, which are also listed in Table 2.1. Very 
common fibers that form during rolling processes of low carbon steels are 
the ?- and the ?-fiber. In the ?-fiber, the <110> orientations are aligned 
along the rolling direction of the sheet metal. Orientations perpendicular to 
this direction e.g. parallel to the sheet normal can be random. In terms of 
Euler angles (see Figure 2.4) this means that ?1=0, ??????????and ??=45°. 
??=45° ensures that the <110> direction is oriented along the rolling 
direction and ??????????allows all direction that are perpendicular to 
<110> to be oriented perpendicular to the rolling direction (see Figure 2.4). 
The ?-fiber consists of <111> orientations that are aligned parallel to the 
sheet normal whereas the orientations parallel to the RD can be random. In 
this case, the first Euler angle ?1 can lie between 0° and 90° and the other 
Euler angles have fixed values of ?=54.7° and ?2=45°. The ?-fibers are 
often found in polycrystalline thin films [29]. Due to the low surface 









Fiber Fiber axis Relevant components belonging to the fiber Euler angles??1, ?, ?2 
?-fiber <011> || RD 
{001}<110>, {112}<110>, 
{111}<110> 0°, 0°. 45° - 0°, 90°, 45° 
?-fiber <111> || ND {111}<110>, {111}<112> 
0°, 54.7°, 45° - 90°, 
54.7°, 45° 
?-fiber <001> || RD {001}<100>, {011}<100> 0°, 0°, 0° - 0°, 45°, 0° 
?-fiber <011> || ND 
{011}<100>, {011}<211>, 
{011}<111>, {011}<011> 0°, 45°, 0° - 90°, 45°, 0° 
?-fiber <011> || TD 
{001}<110>, {112}<111>, 
{111}<112>, {011}<100> 
90°, 0°, 45° - 90°, 90°, 
45° 
Table 2.1: Important fibers for bcc metals [23], Dominant components and their 
locations in the Euler space. RD: rolling direction, ND: normal direction, TD: 
transverse direction 
Figure 2.7 shows the reduced Euler space for a cubic crystal whose axes 
are the Euler angles ?1, ? and ?2 with the fibers that are listed in Table 2.1 
and their relevant components. The {111} <110> orientations form the 
intersection between the ?- and in the ?-fibers in the Euler space.  
 
 






The Euler space in Figure 2.7 shows that the ?-fibers run along ?1 and 
that the ?? and the ?-fibers can be found at ?1=0 and ?1=90°. From this it 
is evident that the cross sections should be chosen parallel to ?1 and 
commonly a distance of 5 degree between each cross section is chosen. 
Figure 2.8 shows the cross sections through the Euler space and the most 
prominent components that were found for the bcc metals.  
 
 
Figure 2.8: Schematic representation of important fiber texture components found 
in bcc metals [23] 
In the left cross section, the ?-fiber can be found as a line at ?1=0 and 
the ?-fiber appears as a line at??1=90°. The right cross sections contain the 
?-fiber that appears as single points in each cross section. From Figure 2.7 
and Figure 2.8 it can be seen that the ?-fiber lies in a section parallel to 
?1=0 and ?2=45°. The ?-fiber can be found at 0°<?1<90°, ?=54.7° and 
?2=45°. Therefore a section parallel to ?2=45° can be used to visualize the 
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??fiber?and the ?-fiber. A scheme of a section parallel to ?2=45° with the 
most prominent orientations for bcc metals is shown in Figure 2.9.  
 
 
Figure 2.9: Schematic representation of a ?2=45° section with the most important 
orientations in bcc materials [9] 
Raabe et al. [23] investigated the texture evolution of low carbon steels 
during cold rolling. They observed the development of a strong ?-fiber and 
the formation of a ?-fiber. Dependent on the rolling degree, different 
texture components are dominant (see Figure 2.10). For ? < 70 % an 
incomplete ?-fiber between the {100} <110> and {112} <110> 
orientations exists and within the ?-fiber the {111} <112> orientations 
show a weak preference. The formation of the ?-fiber and the ?-fiber could 
not be observed in these materials. For ? > 70 % the maximum within in 
the ?-fiber is found at {112} <110> and on the ?-fiber, the maximum 
moves to {111} <110> orientations. They found that in most low carbon 







Figure 2.10: ODF plot for low carbon steel after different rolling reduction [23] 
Von Schlippenbach et al. [27] investigated the evolution of the 
microstructure of four deep drawing steels. Armco Iron (AI) contains the 
same alloying elements as the DC04 steel investigated in this work at 
different concentrations. Figure 2.11 shows an ODF of a hot rolled vacuum 
degassed steel and the ODF of a AI steel after 80 % rolling reduction. The 
ODF of the hot band looks rather diffuse as the Euler angles are randomly 
distributed in the Euler space. However, after the cold rolling process a 
strong texture developed which is characteristic for all deep drawing steels 
that were investigated in this study. Weak differences can be found for the 













Figure 2.11: ODF of a (a) hot rolled vacuum degassed deep drawing steel and the 
ODF of a (b) cold rolled deep drawing steel with similar composition than the 
DC04 steel. [27] 
The dominant orientations within the ?-fiber and the ?-fiber can be 
found by plotting the orientation density f(g) along these two fibers 
(Figure 2.12). After 80 % rolling reduction the ?-fiber (?1=0°) developed 
in AI steel between {001} <110> and {111} <110>. Within the ?-fiber the 










Figure 2.12: ODF plot of different deep drawing steels after cold rolling (80 %) 
[27]. The ODP plot on the left side shows the ?-fibers and the ODF plots on the 
right side the ?-fiber. 
2.2.3 Evolution of the microstructure during heat treatment 
Metals that are exposed to deformation processes such as cold rolling 
contain high stored deformation energies due to dislocations and defects 
that were introduced into the crystal lattice. If the deformed material is 
subjected to sufficiently high temperatures, changes in the microstructure 
are observed while the dislocation density decreases. These microstructural 
changes can be divided into two major processes: recovery and 
recrystallization. Several theories exist that describe the mechanisms of 
dislocation motion during recovery, the nucleation of grains and the grain 
growth that take place during recrystallization. Therefore, detailed 





of Gottstein [30, 31] and Humphreys and Hatherly [28]. In general, the 
processes that take place during recovery and recrystallization are based on 
the diffusion of atoms as well as glide and climb of dislocations. In this 
chapter, the mechanisms that control the recovery process, the nucleation 
of new grains and their growth will be addressed.  
Recovery 
In general, recovery takes place at lower temperatures or before the 
recrystallization process starts and is accompanied by the reduction of the 
dislocation density. After Humphreys and Hatherly [28], different 
processes occur during recovery, the annihilation of dislocations and the 
formation of small angle grain boundaries. Dislocations interact with each 
other due to their surrounding elastic stress fields. The interaction forces 
between two dislocations with Burgers vectors ?1 and ?2 is described by 
the Peach-Koehler equation  
? = Gb1b2
2?rv (1? ?) cos?cos2? (2.6) 
where ??  is the distance and ? the angle between two dislocations. For 
? = 0° the dislocations are located on the same glide plane.  
For two parallel dislocations that are located on the same glide plane, 
the force becomes positive and these dislocations repel each other. In 
contrast, for two antiparallel dislocations the force becomes negative and 
these dislocations attract each other and annihilate. In the case, that two 
parallel dislocations are located on parallel glide planes at an angle that is 
larger than 45°, the dislocations start to attract each other. In this case, the 
equilibrium position of these two dislocations is an angle of 90° which 
means that these dislocations are located above each other on parallel glide 
planes. This process leads to the formation of small angle grain boundaries 
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during the recovery processes. Higher temperatures lead to increased 
mobilities of dislocations and promote diffusion which is necessary for 
dislocation climb, facilitating dislocation rearrangement and annihilation.  
Recrystallization processes and their driving forces 
Recrystallization can be divided into two mechanisms, the nucleation of 
new grains and a subsequent grain growth. In order to enable nucleation 
processes, different requirements need to be fulfilled which are described 
by Gottstein [31]. These requirements will be summarized here very 
briefly. From thermodynamics it is known, that the nucleus needs to have a 
critical size to ensure its stability. A further requirement for nucleation is 
an instability that leads to the motion of a grain boundary into a certain 
direction. Reasons for this can for example be an inhomogeneous 
dislocation density. A third requirement is a kinetic instability. A boundary 
around a nucleus needs to remain mobile (e.g. large angle boundaries). It 
can be very difficult to form a mobile boundary depending on the local 
microstructure. In order to nucleate grains, all of the three requirements 
need to be fulfilled which makes the nucleation process very site selective. 
Nucleation is expected to occur mostly at large angle grain boundaries and 
inhomogeneities of plastic deformation. Typically nucleation occurs 
simultaneously with recovery and is therefore very sensitive to the kinetics 
and the details of the local configuration of the defects. 
During recrystallization, a new microstructure forms by the motion of 
large angle grain boundaries into the deformed material that leave behind 
an area with a reduced dislocation density. The process of nucleation and 
grain growth is described as primary recrystallization. During grain growth, 
two different cases can occur. First, the new grains that have developed 
during the nucleation process grow simultaneously into the deformed 
material until they impinge on each other. This process is coupled to an 
increase of the average grain size in which the standard deviation of the 
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grain size distribution is kept constant and is therefore called continuous 
grain growth. In a second case single grains start to grow faster than the 
rest which leads to an increase of the average grain size but the shape of the 
grain size distribution is changing. Therefore, this process is called 
discontinuous grain growth or secondary recrystallization. Finally, the 
grain growth processes can finish when the size of a grain reaches the 
smallest dimension of the sample. In the case of a thin sheet metal, this 
dimension can for example be the sheet thickness. In this case, the grain 
growth is controlled by the surface energy. This process is called tertiary 
recrystallization.  
In general, different driving forces affect the grain growth process 
which are summarized by Gottstein [25]. In order to enable the motion of 
the grain boundaries by a small distance ??, the free energy of the whole 
system needs to be reduced. A driving force that controls the primary 
recrystallization process is the reduction of the stored deformation energy 
that was generated by dislocations in the crystal lattice. A grain that starts 
to grow into a region with high dislocation density by leaving a region with 
a reduced dislocation density can minimize the stored deformation energy 
within this region. If the material is strongly deformed, the dislocation 
density can lie in the range of 1015-1016m-2 and can reach values of roughly 
1010-1012m-2 after recrystallization. The deformation energy per volume 
[J/m3] is proportional to the density of dislocations ?, the shear modulus ? 





A second driving force during grain growth is the grain boundary energy 
that changes if the grain boundaries that start to grow into the deformed 
material. Assuming a grain with the shape of a sphere, the grain boundary 
energy per volume can be estimated by the pressure that a sphere feels due 
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to the surface energy. The grain boundary energy can be calculated by 
dividing the derivative of surface (interface) energy with respect to radius 
by the surface area of the spherical grain.  






?  (2.8) 
This result is not very different from the ratio of surface energy per volume 
of the sphere (4??2?/(4/3??3) = 3?/?. 
A third driving force that may influence the recrystallization process is 
the elastically stored energy. This energy depends on the elastic strain 
energy in a region of two neighboring grains with elastic moduli ?1 and ?2. 
The overall energy can be reduced when the grain with the lower stresses 
grows in expense of the grain with the higher stresses. 
????????????  ?????? =
?2
2
? ? 1?1 ?
1
?2? (2.9) 
In order to compare the three different driving forces, typical energies 
were calculated dependent on the dislocation density and the curvature of 
the grains. This calculation was performed within the diploma thesis of 
Moritz Wenk [32] where the microstructure evolution of cold rolled DC04 
steel was investigated during a heat treatment. Table 2.2 summarizes the 
values that were chosen for the calculation of the three energies that control 
the recrystallization process. The results are plotted in Figure 2.13. The 
estimations show that for grains with radii (grain sizes) smaller than 0.1 μm 
and low dislocation densities, the grain boundary energy becomes the 
dominant term in the recrystallization process. For high dislocation 
densities and grain radii that are larger than 0.1 μm, the plastically stored 
energy controls the annealing process. The elastically stored energy 
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becomes dominant in the case that the grains are relatively large and the 
dislocation density is low. 
 




?=1012 ? 1016m2 
?=82.4GPa 
?=2.86 Å 




?=10-8 ? 10-3 m 






Table 2.2: Values that were assumed in order to compare the different energies that 
control the recrystallization processes. The elastic stresses were determined within 
the diploma thesis of Moritz Wenk. The other values were received from the 
literature [31] 
 
Figure 2.13: Estimated deformation energies, grain boundary energies and 
elastically stored energies that typically control the recrystallization processes. 
(calculated by Moritz Wenk [32]) 
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2.3 Strengthening mechanisms and size dependent 
deformation behavior of metals 
2.3.1 Strengthening mechanisms in metals 
The deformation behavior of metals is mediated by the activation of 
dislocation sources, dislocation motion and dislocation interaction. If the 
dislocation density and the Peierls energy are rather low, the dislocations 
can be activated easily which leads to relatively low strengths of the 
material. Different mechanisms exist that can hinder the dislocation motion 
and increase the strength which are discussed in detail in the book of 
Courtney [33]. Typical examples are substitutional [34, 35] or interstitially 
incorporated atoms into the crystal lattice. Examples for interstitially 
dissolved elements are C and N in Fe that cause a tetragonal distortion of 
the crystal lattice. This tetragonal distortion leads to an interaction between 
the atom and the stress field of the dislocation. The increase of the strength 
?? is proportional to the maximum interaction force ????  that is needed to 
pass an obstacle and inversely proportional to the distance ??  between the 
obstacles. In the case of interstitially dissolved atoms, the average particle 
distance can be estimated by the inverse square root of the carbon 
concentrations c?1 2? . The increase in strength ?? caused by the alloying 
elements is then proportional to the shear modulus ? and the square root of 
the carbon concentration ??.  
??~ G ? ?? (2.10) 
This ?? dependency was investigated by Wert et al [36]. In their studies. 
They showed that a carbon concentration of only 0.0002 wt% increases the 
flow stress by roughly 130 MPa.  
Other mechanisms that can hinder dislocation motion are particles that 
are dispersed in the material. If these particles are large and their lattice 
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incoherent with the lattice of the surrounding material, the dislocations 
cannot bypass them. Instead, a dislocation has to bow around the particle 
and leaves a dislocation loop that surrounds this particle. This is the 
Orowan mechanism [37]. The stress that is required to bypass the obstacle 
is inversely proportional to the particle spacing.  
?? ? ??/? (2.11) 
A subsequent dislocation has to bypass the particle and additionally the 
surrounding dislocation. This reduces the effective particle distance and 
therefore increases the stress that is required to bypass the particle and the 
residual dislocation loops. 
With increasing amount of deformation, the dislocation density ? 
increases within the metal. These dislocations can also act as obstacles and 
can impede the dislocations motion. Each dislocation is surrounded by a 
stress field that is caused by a distortion of the lattice. The stress fields of 
the dislocations interact with each other and can lead to repulsion or 
attraction. Moving dislocations interact and form intersections which can 
lead to immobile jogs. This leads to obstacles for further motion. In this 
case, the obstacle distance can be estimated by the inverse square root of 
the dislocation density ??1/2. The increase in strength is then proportional 
to the square root of the dislocation density ? which is described by the 
Taylor equation [37] 
?? = ??? ? ?? (2.12) 
where ? is a dimensionless constant in the regime 0.1 to 1. During 
deformation, dislocations often form networks [38, 39] with characteristic 
spacings in the micrometer range. These dislocation networks also hinder 
dislocation motion and increase the strength.  
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For many metals, a strong increase in flow stress and fracture toughness 
can be observed with decreasing grain size. During the deformation of 
these metals, moving dislocations start to pile up at grain boundaries which 
act as obstacles for the moving dislocations. The stress fields of the 
dislocations in the pile up at the grain boundaries overlap and increase the 
force on the boundary. For larger grains more dislocations pile up and 
higher effective stresses can act on the grain boundary for a given stress in 
a grain. Therefore higher stresses are required in smaller grains to initiate 
flow in the neighboring grain. The increase in stress is inversely 
proportional to the square root of the grain size ? [40].  
?y = ?0 +
ky
?D (2.13) 
This is the Hall-Petch relation which is valid as long as the grains are larger 
than a critical size which depends on the material. This critical grain size is 
usually in the range of several tens of nanometers. In nanocrystalline 
materials that have grain sizes below this critical value softening effects 
may occur [41]. 
These examples show that the increase in strength of metals scales with 
the spacing of obstacles that impede dislocation motion. Within the 
microstructure, characteristic length scales can be particle spacings, 
dislocation spacings or grain sizes [37]. Besides microstructural 
constraints, the strength of the material can also be enhanced by a reduction 





2.3.2 Mechanical size effects due to dimensional constraints 
With the rise of the microelectronics industry, interest in the mechanical 
behavior of thin films and small conductor lines became of great interest. 
Examples are thin films of Cu [42] and Al [43] with thicknesses of several 
μm that are deposited onto a substrate that is much thicker than the film 
itself. Nix [44] developed a model for single crystalline films which 
quantifies a biaxial flow stress ? in the thin film that is proportional to the 
inverse film thickness. Until today, strong efforts are devoted towards 
developing an understanding of how the strength of these material systems 
is affected by film thickness or sample size, the grain size and alloying 
elements. In the following, relevant results from the literature will be 
summarized for fcc and bcc metals. This information serves as background 
for the part of this thesis where the mechanics of small steel samples are 
investigated (Chaper 5). 
A technique that is frequently used to investigate the deformation 
behavior of samples with sizes in the micrometer range, is the micro 
compression technique [7]. It can be used to investigate pillars with 
diameters as small as ~100 nm. Details on this method will be given in 
section 3.3.1. This method is very flexible and important for this thesis 
since it allows site specific experiments in selected regions of the sample. 
A large amount of data and understanding of small scale behavior has been 
acquired using this method. Results that were obtained mainly by this but 
also by other methods suggest the following scaling behavior of small-
scaled metals. In general, the increase in strength with decreasing pillar 
diameter can be described by a phenomenological relationship between the 
yield strength ?? , the bulk yield strength ?0 and the pillars diameter ?,  
?y?d? = ?0 + c ? d??  (2.14) 
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The exponent ? describes the scaling of the yield strength with the pillar 
diameter. This equation represents a general form to describe size effects. 
For ? = 0.5 it represents the Hall-Petch relation and for ? = 1 the Nix 
model for thin films. 
FCC metals 
In fcc metals, dislocations move on {111} planes and glide occurs along 
the <110> direction which results in 12 different glide systems. During 
deformation, the glide systems that experience the highest resolved shear 
stress are activated. This is described by the ????????? ???. In order to 
activate glide processes in metals, a critical resolved shear stress (CRSS) 
has to be overcome. The resolved shear stress that is acting on a glide 
system can be calculated by projecting the loading stress ?0 that is applied 
on the pillar surface onto the glide systems. As long as the angle between 
the loading direction and the glide direction is between 0 and 90° the glide 
system experiences a shear component. This shear component can be 
evaluated by multiplying the loading stress by the Schmid factor. The 
Schmid factor is determined by  
CRSS = ?0 ? cos? ? cos??? ??
Schmid  factor
 (2.15) 
? is the angle between the normal vector of the glide plane and the loading 
direction and ? is angle between loading direction and the glide direction.  
In fcc metals the size dependent deformation behavior for different 
materials such as Cu [45], Au [46-49], Ni [7, 50-52] and Al [53] has been 
measured for pillar diameters ranging from 0.2 μm to 22 μm. The 
orientations of the pillars range from single slip orientations to multiple slip 
orientations. Commonly, the stress-strain response is calculated from the 
recorded force-displacement data. Dependent on the pillar sizes, the stress-
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strain behavior can differ significantly. Pillars with diameters larger than 
~1 μm show a smooth hardening behavior as it is known from bulk 
materials. The stress strain data for pillar diameter smaller than ~1 μm 
exhibit strain bursts which are intervals without any strain hardening [7] 
that occur after a critical strain and happen randomly. In order to compare 
different materials and different pillar sizes, the flow stresses are plotted for 
the corresponding pillar diameter. Dependent on the authors, flow stresses 
have been taken at different strain of 2%, 2.5%, 5% or 10% and the 
diameters were either measured at the top or at the mid-height of the pillar. 
Despite these differences, the data can be compared to obtain a scaling 
behavior. The flow stresses are normalized by the shear modulus and the 
Burgers vector and plotted in a double logarithmic plot versus diameter or 
sample size [54, 55] according to equation (2.14). When applying this 
procedure to the flow stress data for a collection of fcc metals, the data 
follow a trend line with a slope of ? ? 0.6. [49, 56, 57] 
BCC Metals 
During the last years, studies have been carried out in order to investigate 
the size dependent deformation behavior of bcc metals including Ta [58], 
W [59], Mo [59-61] and Nb [59, 62]. The microcompression experiments 
that were performed on these metals show a pronounced size dependent 
behavior with exponents ranging from -0.21 to -0.48 [59]. Schneider et al. 
[59] suggested that the rather weak size scaling is a consequence of the 
limited mobility of screw dislocations in bcc metals and assumed that the 
size effect exponent might depend on the athermal temperature of the 
material. In bcc metals, the mobility of screw dislocations is sensitive to 
temperature and for sufficiently low temperatures dislocation motion is 
only mediated by the nucleation and motion of kink pairs. With increasing 
temperature the mobility of screw dislocations increases and at the 
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athermal temperature the mobility of edge and screw dislocations 
eventually are equal [63].  
For ?-Fe the athermal temperature of ~300 K [64-67] is close to room 
temperature. Kaufmann [56] investigated the size dependent deformation 
behavior of ?-Fe by microcompression experiments at room temperature 
(Figure 2.14a). Figure 2.14 b shows the stresses at 5% plastic strain plotted 
for the corresponding pillar diameter. When describing the scaling by an 
exponential relationship an exponent of -0.81 is found. According to this, 
the high mobility of screw dislocations should lead to a size scaling similar 
to fcc metals. This coincides with the strong size dependence observed 
here. The fact that the size dependence (Figure 2.14b) has an exponent of 
-0.81 relative to values of -0.6 that are commonly found for fcc metals may 
be due to fundamental differences between fcc and bcc metals or the 
peculiar magnetic interaction that is known to complicate plastic flow of 
?-Fe [68, 69]. Compared to ?-Fe, the athermal temperature for W and Mo 
lie at 800 K [70] and 480 K [71] respectively. Therefore, it is argued that 
the lower exponents compared to ?-Fe are related to the low mobility of 
screw dislocations.  
Differences in the stress-strain response are also apparent from the data 
in Figure 2.14a. Large ?-Fe pillars with diameters around 4 μm showed a 
deformation behavior similar to what is found for bulk materials. After 
elastic loading, plastic flow sets in and during further deformation 
hardening was observed. When comparing curves from different 
experiments, little scatter in the stress-strain behavior is found. With 
decreasing pillar size, the strength increased and the stress-strain curves 
became increasingly disruptive due to strain bursts. The small pillars 
showed more variations in the stress-strain response and a larger scatter in 





Figure 2.14: Stress-strain data of single crystalline [211] ?-Fe pillars with diameters 
ranging from 0.51 μm to 4.7 μm (a) and the flow stress for the corresponding pillars 
diameters at 5% plastic strain (b). An exponential relationship with an exponent of -
0.81 is used for describing the data. [56] 
The effect of pre-straining on the size dependent deformation behavior 
was investigated by Bei et al. [72]. They presented a new technique for 
preparing almost dislocation free Mo fibers that were grown in a NiAl-
Matrix by a eutectic solidification process. The pillars were produced by an 
etching process and therefore no FIB machining was necessary. In TEM 
studies they showed that these pillars are almost dislocation free. They 
argued that the low density of defects leads to a nucleation controlled 
behavior and high stresses. In the experiments, stresses of almost 10 GPa 
were achieved during micro compression, with no size dependence. Some 
of the samples were plastically prestrained up to 11 %. For pre-strains up to 
4 % the stress strain data showed a stochastic behavior with strain bursts 
and for 11 % pre-strain the stress strain behavior changed to a bulk like 
behavior with continuous work-hardening of the sample. Overall, after pre-
straining the strength of the pillars decreased and a size dependent strength 
could be observed. From this observation it was concluded that the non-
existing size dependent deformation in pillars without pre-strain is an effect 





Mechanisms that may explain mechanical size effects in micro pillars 
Different mechanisms were suggested that may cause the observed size 
dependent behavior. In bulk material, strain hardening occurs by the 
interaction and multiplication of dislocations. Dislocation networks with a 
characteristic length scale of a few micrometers form which hinder 
dislocation motion. This is different when the sample size becomes smaller 
than the characteristic length scale of the dislocation networks. In this case, 
the strength of the material cannot longer be controlled by the interaction of 
the dislocations with the network and the interaction between individual 
dislocations becomes increasingly important. With further decreasing 
sample size, the number of available dislocations in the sample decreases 
as well as the number of available dislocation sources. This is a 
consequence of the decreasing volume. Besides the volume, the surface 
area decreases but the surface area to volume ratio increases. This leads to 
a higher probability for the dislocations to annihilate at the nearby surface 
and may lead to a state where no mobile dislocations are present. This 
??????? ??? ??????? ????????????? ???????????? [47]. Other models consider the 
reduced diameter of the sample which limits the size of dislocations 
sources, such as single-armed Frank-Read sources. Therefore, the critical 
stress to activate these sources scales inversely with the sample size [73]. 







3.1 Microstructural investigation methods 
3.1.1 Dual Beam SEM and FIB 
Focused ion beam microscopy (FIB) and secondary electron microscopy 
are conventional techniques that are widely used for the investigation of 
small features down to the nanometer scale. In this work, all 
microstructural investigations were performed with a dual beam 
microscope (Nova Nanolab 200, FEI, Hillsboro, Oregon 97124, USA) 
which is equipped with a SEM column and a Ga+ ion column that is 
mounted at an angle of 52° with respect to the electron column. The 
electron column is equipped with a thermal field emission gun. The 
maximum resolution that can be achieved is ~1 nm. Typical acceleration 
voltages are on the order of several kV. In this work, mostly a voltage of 
10 kV and a beam current of 0.54 nA were used for imaging. For EBSD 
20 kV and 6.6 nA were used. In general, higher acceleration voltages lead 
to a deeper penetration of the electrons which results in secondary electrons 
that are coming from deeper regions of the sample. The secondary 
electrons that leave the sample are detected and used for imaging. 
Secondary electrons have lower energies (< 50 eV) than the incoming 
electrons and are very sensitive with respect to the surface topography. 
Besides secondary electrons, backscattered electrons are generated within 
the sample that can be used for sample imaging. The number of 
backscattered electrons depends on the number of electrons of an atom and 
consequently on its atomic number. Therefore, different phases appear as 
regions of higher and lower intensities in the SEM images. Besides 
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imaging, these backscattered electrons can be used to analyze the crystal 
structure which will be explained in detail in section 3.1.2. 
In the FIB, Ga+ ions are emitted and a voltage of 30 kV accelerates the 
ions towards the sample. The Ga+ ions penetrate the sample and generate 
electrons that can be used for imaging. The imaging resolution is 
approximately 7 nm but with increasing beam current the resolution 
strongly decreases. Dependent on the application, Ga+ currents between 
10 pA (?non destructive? imaging) and 20 nA (strong milling) are used. 
Ga+ ions that impact the sample surface can be used for sample milling. 
The sputter rate depends on the sample material, the acceleration voltage 
and the beam current. In this work, the Ga+ ions were used in selected 
regions for the preparation of micropillars (see section 3.3.1).  
3.1.2 Electron Backscatter Diffraction (EBSD) 
The dual beam microscope that is described in section 3.1.1 is equipped 
with an EBSD detector that provides the possibility to determine 
crystallographic orientations. The EBSD detector consists of a phosphor 
screen with a Charge Coupled Device (CCD) camera on its backside. 
Inside the SEM chamber the sample is tilted to an angle of 70° (see 
Figure 3.1). The electron beam is focused to a point on the sample surface 
and the electrons are diffracted at an angle of ? on crystallographic planes 
that fulfill Braggs Law [8]. The diffracted electrons that emit the sample hit 
the phosphor screen and form diffraction patterns on the phosphor detector. 
These patterns consist of Kikuchi bands that can be recorded by the CCD 
camera. The symmetry of the crystal structure is reflected in the Kikuchi 
patterns and the three dimensional crystal orientations can be calculated by 
analyzing the patterns. The EBSD detector used in this work was 
manufactured by HKL, now Oxford Instruments (Tubney Woods, 
Abington, Oxfordshire, OX13 5QX, UK) and the recorded Kikuchi pattern 
were analyzed using a computer program form the same company named 
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"Channel 5". The crystal orientation is usually expressed in terms of Euler 
angles ?1, ? and ?2, which describe the crystal coordinate system with 
respect to the sample coordinate system. As described in section 2.1, the 
Euler angles are used in the Bunge convention.  
The pattern quality and therefore the detection efficiency strongly 
depends on the quality of the sample surface and in order to obtain sample 
surfaces that are smooth enough for this method, the DC04 specimens were 
prepared carefully. They were first mechanically ground with SiC paper of 
decreasing grain size and polished with 6 μm, 3 μm and 1 μm diamond 
paste. In order to remove remaining deformations that were introduced by 
the mechanical polishing, in a last step the samples were electrochemically 
polished using a Struers D2 electrolyte.  
 
 




3.2 Material: DC04 Steel 
The DC04 steel is a standard deep drawing steel that is for example used in 
the automotive industry. The material used in this work was produced by 
Voestalpin AG (Linz, Austria). According to the material specification, 
DC04 steel contains 0.08 wt% C and 0.40 wt% Mn as well as other 
impurities like S and P at lower levels [6, 76]. All DC04 samples originated 
from the same batch and were extracted after different process steps which 
were hot rolling, a subsequent cold rolling and a final heat treatment step. 
These processes led to changes in the microstructure and the mechanical 
properties that were investigated on different length scales and for different 
sample geometries. 
3.3 Sample fabrication  
3.3.1 Pillar preparation methods using FIB 
Besides imaging, the FIB has been used to mill small samples with sizes in 
the micrometer range into the material. Pillars with sizes of several 
micrometers in diameter and height can be made within several hours. 
Today, this method has been widely established for preparing samples for 
small scale testing. Problems arise from the Ga+ ions that enter the sample 
and can lead to heavily damaged surface layers that may have an impact on 
the deformation behavior of the material. The implantation depth of the 
Ga+ ions into the sample surface can be estimated using the SRIM code 
[77] (Stopping Range of Ions in Matter). Calculations for polycrystalline 
Cu showed that the penetrations depths can reach 50 nm for an acceleration 
voltage of 30 keV. The intercalation of the Ga+ ions into the sample can 
cause problems that have been discussed by several authors [78-81]. The 
implantation of Ga+ ions can cause point defects and dislocations that form 
dislocation networks and affect the strength of the material. These defects 
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can lead to a softening of the metal [80]. In another case, an amorphized 
surface layer was observed [79]. There the opposite effect can happen. 
Moving dislocations pile up at the surface layer which increases the 
strength of the tested metal. Although this method has limitations, it offers 
the possibility to machine pillars into selected regions of the sample which 
is of interest particularly for site specific tests in polycrystalline or 
composite materials.  
Top down milling 
A method to produce several pillars within reasonable time is the so called 
top down milling method. For this procedure the sample stage is tilted to an 
angle of 52° so that the sample surface is aligned perpendicular to the 
incident Ga+ beam. This process consists of two steps, first a coarse cut 
with a high beam current to remove most of the material around the pillar. 
A circular pattern containing the surrounding trench of the pillar is milled 
into the sample in multiple passes from the outer edge to the inner edge of 
the trench. Afterwards a fine cut with a small beam current is applied as the 
final step. In this step, the final pillar diameter is reached in only one pass 
so a dwell time of several milliseconds is necessary. The acceleration 
voltage of the ion beam was 30 kV and the ion current depends on the 
process steps, pillars sizes and the material. Coarse cuts are usually 
performed with ion currents of 7 nA or 20 nA and the currents for fine cut 
are in the range of 0.5 nA and 3 nA. The top down milling method is useful 
for pillars with diameters of up to 8 μm but for larger pillars this method 
becomes very time consuming and even just the coarse cuts require more 
than one day. The disadvantage of this method is that the pillars do not 
have a perfect shape and have a taper ~5°. A method that prepares 




The lathe technique can be used for different sample sizes. In general, 
tapered pillars are made first and then lathe cutting is used to remove the 
taper. In this work, lathe cutting was applied to clean the surface of very 
large pillars (Figure 3.3a and Figure 3.5). Lathe cutting consists of multiple 
steps that can be automated by using a FEI AutoScript software installed on 
the microscope. On the top of the pillar a small circle is milled which is 
used as a reference point to position the sample before each milling step 
using image recognition. Inside the FIB chamber the sample is tilted to 
-10° so the ion beam has an incident angle of 28° relative to the sample 
surface. A pattern with the shape of an L is milled at the edge of the pillar 
and afterwards the sample is rotated around the pillar axis by 6°. This 
procedure is repeated until the sample is rotated around 360° and in total 
and has reached its original position. The overlapping L shaped cuts then 
define the trench around the pillar. This procedure takes around 3-4 hours. 
Therefore only a few pillars were prepared by this method. The image of 
such a pillar (Figure 3.5) shows that the pillar has almost no taper on its 
sidewalls. 
3.3.2 DC04 Micropillars 
Pillars of different sizes of up to 6 μm were milled into individual grains 
using FIB. In this way pillars with different diameters were prepared in 
grains with <111>, <123> and <001> out of plane orientations. The pillars 
were divided into the according three classes with <111>, <123> and 
<001> orientations along their axes where misorientations from the 
nominal direction of up to 10° were tolerated. Figure 3.2a shows a typical 
single crystalline pillar that was machined into the heat treated material.  
Besides the experiments on single crystalline pillars, polycrystals were 
tested in order to investigate the effect of grain boundaries on the 
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mechanical response of the heat treated DC04. In general, five parameters 
are required to describe a boundary [82] (the orientation relation between 
the neighboring grains and the relative orientation of the plane of the 
boundary) , therefore many possible configurations exist and a systematic 
study would be very time consuming. This was not attempted in this thesis, 
instead boundaries were randomly selected and polycrystals such as the one 
shown in Figure 3.2b were produced and mechanically tested. 
The effect of predeformation on the mechanical response of DC04 steel 
was also investigated by microcompression experiments using the 
deformed cold rolled DC04 steel. Pillars with diameters of 500 nm, 1.5 μm 
and 4 μm were micro machined by FIB into the cold rolled material. The 
orientation of the pillars could not be determined because the pillars were 
polycrystalline and had large misorientations as can be seen in Figure 3.2c.  
 
   
Figure 3.2: SEM images of pillars micro machined into the heat treated and cold 
rolled material.  
For pillars with diameters larger than 10 μm, the time for the FIB 
machining, which scales with the volume of the pillar, is often too long and 
electrical discharge machining (EDM) was used instead. The coarse 
manufacturing of pillars with a diameter of 22 μm was performed by wire 
EDM in a commercial system. A thin brass wire and the sample are located 
inside a dielectric (water) and an electrical field is applied between both 
(a) (b) (c) 
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electrodes. A spark discharge between the wire and the sample is used to 
melt both surfaces and to remove material from the sample. Figure 3.3a 
shows an image of a pillar that was micro machined in the heat treated 
DC04 steel with a diameter of 22 μm and a height of 60 μm (cooperation 
with Christoph Ruhs, WBK, KIT). Unfortunately, EDM leads to relatively 
rough surfaces which had to be removed by FIB. Figure 3.3a shows the 
image of a pillar that was machined by EDM and Figure 3.3b a cross 
section prepared into the heat treated DC04 that was treated by EDM 
beforehand. The remaining rough surface had to be removed because it can 
be expected that it affects the deformation behavior of the pillars for 
example due to the different mechanical properties of this layer. The 




Figure 3.3: (a) Pillars prepared by EDM in the heat treated DC04 steel, (b) cross 





3.3.3 DC04 samples for heating experiments 
Two heating experiments were performed with the cold rolled DC04 steel 
in order to investigate the evolution of the microstructure during different 
heating conditions. These experiments were jointly performed as part of a 
diploma thesis of Moritz Wenk [32]. Small samples of roughly 0.25 cm2 
were prepared from the sheet metal using a metal saw and electropolished 
afterwards using a Struers A2 electrolyte. 
3.3.4 DC04 samples for tensile experiments 
Tensile specimens with a gauge length of 15 mm, a width of 5 mm and a 
thickness of 1.2 mm were produced by EDM. These samples were oriented 
parallel to the rolling direction as well as 45° and 90° to the rolling. Further 
tensile specimens with a gauge length of 7 mm and a width of 1.2 mm were 
also produced by EDM. These samples were oriented parallel to the rolling 
direction. After the rolling process, the material had a thickness of 1.2 mm 
which was too thick for the grip holder of the tensile machine 
(Zwick/72.5). To solve this problem, the samples were ground down to a 
thickness of 0.9 mm from the backside. After the grinding process both 
surfaces were electrochemically polished with a Struers A2 electrolyte to 







3.4 Mechanical characterization methods 
3.4.1 Tensile experiments 
The samples described in section 3.3.4 were loaded parallel, 45° and 90° 
relative to the rolling direction in order to investigate the anisotropic 
deformation behavior of the material. The experiments were performed 
with a tensile machine (Instron 4504) at a strain rate of 1 mm/min to total 
plastic strains of up to 20%. Additional tensile experiments were performed 
on smaller samples that have gauge lengths of 7 mm, widths of 1.2 mm and 
thicknesses of 0.9 μm. These sample samples were aligned parallel to the 
rolling direction and the experiments were performed with a tensile 
machine (Zwick/72.5) at a strain rate of 4 μm/s. The first sample was 
strained to fracture and the second sample was unloaded after 1 %, 5 %, 
11 %, 19 % and 28 % residual plastic strain. The second sample was 
transferred to the SEM after each unloading step to determine the crystal 
orientations by EBSD. 
3.4.2 Compression of micro pillars using a Nanoindenter 
Mechanical compression experiments are a useful technique to measure the 
mechanical behavior of samples with sizes down to ~100 nm. These 
experiments were all performed in a Nanoindenter XP (MTS System Corp., 
Eden Prairie, MN, USA). Figure 3.4 shows a schematic of a nanoindenter. 
The indenter is composed of a coil-magnet assembly that controls the force 
that is applied to the sample. The displacement of the indenter tip is 
measured by a capacitance gauge consisting of a three plate capacitor. The 
springs keep the indenter shaft in the lateral position. Dependent on the 
experiments, different tips such as Berkovich indenters, spherical indenters, 
cube corner tips or flat punches can be mounted to the shaft. The sample is 
mounted on a xy-stage. The indentation locations can be selected by 
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moving the sample stage under an optical microscope. A more detailed 
description of performing indentation measurements can be found in [83].  
 
 
Figure 3.4: Schematic assembly of a Nanoindenter XP (MTS) 
For the micro compression experiments, indenter tips with the shape of 
truncated cones were used. The sidewalls of these indenter tips have angles 
of 60° and depending on the pillar sizes, the flat punches have diameters of 
10 μm or 100 μm. Figure 3.5 shows a schematic of a pillar and the flat 
punch tip. The experiments were performed under load control, therefore a 
constant loading rate was applied during the experiments. The pillars were 
compressed using a stress rate of ~20 MPa/s to a nominal displacement of 





Figure 3.5: Pillar micro machined with a FIB and a schematic of a compression test. 
The pillar in the image is the one depicted in Figure 3.3a after cleaning by the Lathe 
technique (section 3.3.1). 
Although microcompression experiments are a versatile technique for 
mechanical testing of samples in small dimensions, this method has 
limitations that have to be discussed [54]. Usually the stress distributions in 
the pillars are not homogeneous and fully uniaxial due to several reasons 
[84].  
? The friction between the pillars and the punch causes stresses 
concentrations at the top of the pillars. This can lead to localized 
deformation events at the top of the pillar but can also help to 
stabilize the pillars and can avoid bending problems.  
? The non-perfect geometry of the pillars (taper) leads to a non-
uniform stress distribution along the pillars. 
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? Misalignment between the pillars and the punch are possible and 
have an influence of the deformation behavior of the pillar  
? Additional stress concentrations will occur at the root of the pillar 
which can affect the load displacement response of the sample.  
? As already discussed, FIB machining leads to an implantation of 
Ga+ ions into the sample which can affect the mechanical responses 
of the samples (section 3.3.1). 
? Buckling of the pillar can be an issue. To minimize such effects, 
the aspect ratios of the pillars were chosen to be between two and 
three (a compromise between avoiding buckling and excluding 









4. Texture and Microstructure of DC04 Steel after 
Cold Rolling and Heat Treatment 
The process chain of DC04 steel is composed of hot rolling, cold rolling 
and a final heat treatment process. All of these processes have some impact 
on the microstructure and therefore affect the mechanical properties of this 
material. The aim of the Graduiertenschule 1483 is to reveal and simulate 
the interconnection between the processing conditions and the mechanics 
of DC04 steel. In order to achieve this aim, it is instructive to start with the 
different processing conditions and to observe how they affect the 
microstructure as a first step before further investigating how the different 
microstructures then relate to different mechanical properties of the 
resulting material. This chapter reports on the microstructures that exist 
after different processes with a main focus on the phenomena that underlie 
the heat treatment step. In section 4.1, the microstructures of DC04 steel 
after hot rolling, cold rolling and a heat treatment were investigated by 
EBSD. In section 4.2, results from slow annealing experiments on cold 
rolled DC04 steel are presented. In these experiments, the evolution of the 
microstructure was monitored by EBSD after different heating steps to 
track the development of the microstructure with focus on grain nucleation 
and growth. In section 4.3, the influence of a higher heating rate on the 
microstructure development is addressed. Microstructures from the 
experiments in section 4.2 and section 4.3 are also compared to the 
microstructure of DC04 taken directly after the heat treatment in the 
production process. The differences and possible mechanisms that are 
responsible for these differences are discussed in section 4.4.  
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4.1 Texture and microstructure of DC04 steel after hot 
rolling, cold rolling and a heat treatment process 
DC04 steel was extracted from the production chain after the hot rolling, 
the cold rolling or the subsequent heat treatment process. These materials 
are the reference materials for this thesis and in this section their 
microstructure was investigated by SEM, FIB and EBSD. Figure 4.1a-c 
show the grain morphologies of these samples. Figure 4.1a and c were 
imaged by FIB which can be used to visualize different grains due to a 
channeling effect of Ga+ ions in the crystal lattice. This channeling 
mechanism is based on the fact that ions that penetrated deeply, produce 
less detectable electrons. For example grains with the densely packed 
<111> planes appear brighter (more electrons) than <100> planes. The 
SEM image in Figure 4.1b shows the grain morphology of the cold rolled 
material. On very smooth surfaces, contrast of backscattered electrons can 
be used to visualize different grains due to the fact that standing electron 
waves form, depending on the crystal orientation which lead to different 
backscatter for different orientations. This so called electron channeling is 
different and more angle selective than the channeling of ions, which 
results from ion-solid interactions. Despite this difference, both effects can 
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Hot rolled Cold rolled Heat treated 
 
Figure 4.1: (a) and (c) FIB images of the rot rolled (a) and heat treated (c) DC04 
steel. Figure (b) SEM image of the cold rolled DC04 steel. The EBSD results (d) ? 
(f) show the crystal parallel to the sheet normal, determined form the samples that 
are depicted in (a) ? (c). Since the different states have microstructures of different 
length scales, data were recorded at different magnifications. The colors in the 
EBSD maps correspond to the color coded orientations in the inverse pole figure 
map (g) 
(a) (b) (c) 
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In order to obtain information on the crystal orientations, EBSD 
measurements were performed and the results are depicted Figure 4.1d-f. 
Since the different states have microstructures of very different length 
scales, data in Figure 4.14d-f were recorded at different magnifications. 
Within a sample, SEM images and corresponding EBSD mappings were 
taken at the same regions but not always at the same magnification. For the 
cold rolled material a smaller step size was chosen in order to resolve 
orientation changes within deformed grains. The EBSD results in 
Figure 4.1d-f represent crystal orientations of the material parallel to the 
sheet normal. 
After the hot rolling process, a random grain morphology developed 
with a grain size that is smaller than what was found for the heat treated 
DC04 steel. The EBSD and SEM images of the cold rolled DC04 steel 
show a grain morphology that is elongated along the rolling direction. 
Compared to the hot rolled material, a large amount of undetected points 
(white pixels) are visible in the EBSD scan. These white pixels result from 
distorted diffraction patterns that cannot be identified by the EBSD 
software. Distorted patterns can for example occur due to multiple crystal 
orientations at one data acquisition point or due to smeared out diffraction 
patterns in highly deformed regions. The orientations in the cold rolled 
material (Figure 4.1e) vary within the grains which show that the grains 
were strongly deformed during the cold rolling process. Details on the 
misorientation within the grains will be given in section 4.2 and 
section 5.2. After the heat treatment process larger grains remain elongated 
along the rolling direction but this effect is less distinctive than in the cold 
rolled state. The prevalence of the blue color in the EBSD map shows that 
the grains have a preferred crystal orientation with the <111> directions 
parallel to the sheet normal.  
The three dimensional crystal information can be visualized by plotting 
pole figures for the <111>, <110> and <001> orientations. All pole figures 
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were calculated from the EBSD results in Figure 4.1. Figure 4.2 shows pole 
figures that were calculated for the DC04 material after each process step. 
The results for the hot rolled material show that the <111> and <001> 
crystal orientations are randomly distributed. The {110} pole figure shows 
a slightly higher intensity in the center of the pole figure which indicates 
that the grains have a preferred <110> orientation perpendicular to the 
sheet. The maximum intensity found for the hot rolled material is two or 
three times lower than what was found for the cold rolled and heat treated 
DC04 steel which implies that this orientation is only slightly preferred. 
After the cold rolling process, the DC04 steel has strong <111> and <001> 
fiber texture components. The intensity scale bar shows that the <111> 
fibers have a higher intensity than the <001> fibers. The <110> 
orientations are preferentially aligned along the rolling direction. After the 
heat treatment process, the maximum intensity in the center of the {001} 
pole figure is no longer present. Instead a {111} fiber texture developed 
with a maximum intensity that is three times higher than what was found 
for the cold rolled DC04 steel. The <110> directions that are aligned 
parallel to the rolling direction are still existing but are less distinctive than 
in the cold rolled material.  
 
  











Figure 4.2: Calculated {111}, {100} and {110} pole figures for the hot rolled, cold 
rolled and heat treated DC04 steel. The pole figures were obtained from the EBSD 
results that are shown in Figure 4.1. 
The maxima in the {110} and {111} pole figures of the cold rolled 
DC04 steel show that the material has pronounced ?- and the ?-fibers. The 
?-fiber consists of <111> orientations along the sheet normal and the ?-
fibers consist of <110> orientations along the rolling direction. These fibers 
form lines with higher intensity in the Euler space and are typically 
pronounced in low carbon steels (section 2.2). The pole figures do not 
contain complete three-dimensional orientation information and therefore 
cannot be used to analyze the distribution of the crystal orientations within 
these fibers. Figure 4.3 shows a projection of the reduced Euler space for 
{111} {100} {110} 
{111} {100} {110} 
{100} {111} {110} 
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the hot rolled, cold rolled and heat treated DC04 steel. In the hot rolled 
state, all Euler angles are almost randomly distributed in the Euler space 
but after the cold rolling and heat treatment process the Euler angles form 
regions of higher densities. A quantitative description of the distribution of 
the Euler angles can be obtained by calculating an orientation distribution 
function (ODF) (see Figure 4.3). The results in Figure 4.3 show that the hot 
rolled material has no clearly preferred crystal orientation. After the cold 
rolling and heat treatment process, the ODFs show higher densities in 
selected regions. 
 
Hot rolled Cold rolled Heat treated 
   
   
Figure 4.3: EBSD results of the hot rolled, cold rolled and heat treated DC04 steel 
that are plotted in the reduced Euler space and the calculated ODF.  
In order to simplify the analysis of the calculated ODF, the Euler space 
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lines plotted in the ODF are contour lines that represent surfaces of the 
same density.  
 
Cold rolled Heat treated 
  
Figure 4.4: Calculated ODF for the cold rolled and heat treated DC04 steel. The ?- 
and the ?-fiber are marked in red and green Additional green spots at ?1=90° show 
represent dominant orientations within the ?-fiber.  
Figure 2.8 in chapter 2.2.2 shows the locations of the ?- and ?-fibers in 
the Euler space. The ?-fiber has the Euler angles ?1=0°, 0°<?<90° and 
?2=45° and is highlighted as red line in the ODF (Figure 4.4) and the ?-
fiber has Euler angles 0°<?1<90°, ?????? and ?2=45° and intersects with 
the ?-fiber at ?=54.7. In the ODF, the ?-fiber is marked as green spots at 
?1=0 and ?1=90° although every cross section contains the ?-fiber at this 
location. On the ?-fiber, important crystal orientations that are commonly 
found for bcc metals are marked in green (including the intersection 
between ??and??-fiber). 
??=0
??=0 ??=5 ??=10 ??=15
??=20 ??=25 ??=30 ??=35
??=40 ??=45 ??=50 ??=55
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In order to investigate the dominant orientations in the ?- and the ?-
fiber, these two fibers are analyzed in detail. In Figure 2.7 (chapter 2.2.2) 
the locations of these two fibers within the Euler space are depicted. The 
figure shows that the ?-fiber and the ?-fiber can be depicted by plotting the 
cross section parallel to ??=0° and parallel to ?2=45° respectively. 
Figure 4.5a and b show sections that are plotted for ??=0° that comprise 
the ?-fiber and Figure 4.5c and d cross sections for ?2=45° that include the 
?-fiber and parts of the ?-fiber. The colors represent areas with high (red) 
and low (green) densities of orientations. After the cold rolling process, the 
maximum intensity for the ?-fiber lies at ?=0°. After the heat treatment 
process this maximum is shifted to a higher ? value that lies at the 
intersection of the ?- and the ?-fiber and the intensity is reduced. Within 
the ?-fiber three maxima develop during the annealing process.  
Figure 4.5a-d contain black lines that are drawn along the ?-fiber and 
the ?-fibers of the cold rolled and heat treated DC04 steel. Figure 4.5e and 
f, shows ODF plots along these black lines as a function of the angles ? for 
the ?-fiber and as a function of ?1 for the ?-fiber. After the heat treatment 
process, the maximum on the ?-fiber is shifted to higher ? values. On the 
?-fiber (Figure 4.5f), the overall intensities increased after the heating and 
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Cold rolled DC04 steel 
  
Heat treated DC04 steel 
  
  
Figure 4.5: (a) ? (d) Color coded cross sections of the Euler space for ?1=0 and 
?=45°which contain the ?-fiber and the ?-fiber. Red describes a high density and 
green a low density of orientations at a given point in orientation space. (e)-(f) ODF 
plots that show the??-fibers and the??-fibers of the cold rolled and heat treated 
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In the following the major orientations on the two fibers will be 
addressed by using their orientations relative to the sample normal (plane 
of the sheet) {uvw} and the rolling direction <hkl>. The ??fiber of the cold 
rolled state shows peaks at ?=10° and ?=35° which correspond to 
{119} <110> and {112} <110> orientations. After the heat treatment, the 
density of the {119} <110> orientations decreases whereas the 
{111} <110> orientations become dominant. The ?-fiber of the cold rolled 
material has a maximum at ?1=90° which corresponds to {111} <112> 
orientations. After annealing, the densities of the ?-fiber are shifted to 
higher values and shows pronounced peaks for {111} <123> orientations. 
The development of the texture components during annealing of the 
cold rolled DC04 steel will be investigated in detail in the next chapter in 
which ODF after different heating steps are presented. 
4.2 Texture evolution and grain growth during heating 
experiments of cold rolled DC04 steel 
In order to investigate the evolution of the microstructure of DC04 steel 
during heat treatment, an experiment was performed where the temperature 
of a cold rolled steel sample was slowly increased up to 640°C within 
10 heating steps listed in Table 4.1. The EBSD data were acquired together 
with Moritz Wenk and served as reference data for his diploma thesis that 
focused on the development of a software tool to analyze EBSD data [32]. 
Figure 4.6a-d show the calculated ODF plots for the ?-fibers and the ?-
fibers of the initial cold rolled material and after each individual heating 
step. The results are compared to data obtained from the heat treated DC04 
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Slow heating procedure 
Heating steps Temperature Annealing time 
Heating 1 594°C 7 min 
Heating 2 596°C 5 min 
Heating 3 598°C 18 min 
Heating 4 610°C 15 min 
Heating 5 631°C 10 min 
Heating 6 652°C 18 min 
Heating 7 647°C 20 min 
Heating 8 647°C 20 min 
Heating 9 647°C 60 min 
Hetaing 10 647°C 720 min 
 
Fast heating procedure 
Heating 1 679°C 33 min 
Table 4.1: Heating experiments that were performed on the cold rolled DC04 steel 
The first six heating steps were performed between 580-650°C. The ?-
fibers (?1=0° and ?2=45°) and ?-fibers (?=45.7° and ?2=45°) are plotted 
in Figure 4.6a and b and the results are compared with the initial cold 
rolled material. The data show only little changes within the ??fibers and 
the ??fibers during the first six heating steps. Due to the symmetry of the 
cubic crystal, the ?-fiber is only plotted from 60°<?1<90°. 
The heating steps 7-10 were all performed at 647°C and the results of 
the calculated ODFs are displayed in Figure 4.6c and d. After heating 
step 7 at 640°C first changes could be observed on the ?-fiber. During 
further heating, the density of the {111} <110> orientations starts to 
increase and reach values that are higher than what was found for the heat 
treated DC04 steel. The densities of {001} <110> orientations continuously 
decrease after each heating step and reach almost the same value than in 
the heat treated material. The shoulder for the {773} <110> orientations 
that is found in the heat treated DC04 steel did not develop during these 
slow heat treatment experiments. 
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??-fiber (?1=0°, ?2=45°) ?-fiber (?=54.7°, ?2=45°) 
  
  
Figure 4.6: ?-fibers and ?-fibers of the cold rolled DC04 steel and after the heating 
experiments. The results are compared to data obtained from the heat treated DC04 
steel as received directly from the production process.  
During the heat treatment at 640°C (heating step 7-10), the integrated 
density of the ?-fiber rises. This implies that the amount of <111> 
orientations parallel to the sheet normal increases. After this overall 
increase, individual orientations within the ?-fiber start to become 
prominent. Within the ?-fiber, the density of the <110> orientations 
increases and reaches values that are again more than twice as high as in 
the heat treated DC04 steel. The density of <112> orientations increases as 
well during the heating experiment and reaches almost the same value as 
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found for the heat treated material. Additionally, density around ?1=83° 
develops which corresponds to the {111} <123> orientations. This peak 
was also observed in the heat treated material but slightly shifted and at a 
higher intensity. In order to assure statistical relevance, this texture data 
was collected on an area of 848 μm by 644 μm using a step size of 4 μm. 
To spatially observe the microstructure, additional EBSD maps were taken 
at each heating step.  
EBSD measurements were also performed in smaller regions (318 μm 
by 241 μm) at a step size of 1.5 μm. Figure 4.7 shows the microstructure of 
the initial state and after heating step 1-10. In chapter 2.1.5, a concept for 
the estimation of the density of geometrically necessary dislocation 
(GNDs) with a rather simple model was introduced and is now applied 
(Figure 4.7). The EBSD results obtained from the initial cold rolled DC04 
steel show that the grains are elongated along the rolling direction. The 
changes of the colors within the grains indicate that the material was 
strongly deformed during the rolling process and that a high density of 
dislocations is stored within the grains. The corresponding map shows a 
density on the order of 1014 /m2 as a result of the cold rolling process. In the 
dislocation density map, regions can be observed where the dislocation 
density is lower with values in the 1013 /m2 range which can be ascribed to 
grains with <001> orientation parallel to the sheet normal. The map 
indicates that grains with <111> orientations have a higher dislocation 
density than grains with <001> orientation.  
After the first heating step at 580°C, the GND density map shows 
regions where the dislocation density decreased to values of roughly 
1012 /m2. In the EBSD data, freshly formed grains can be identified 
corresponding to these regions. Some of the new grains show variations in 
the dislocation density. Not much changes after the following heating steps 
(heating 2-heating 5). After increasing the temperature to 647°C 
(heating 6), the dislocation density in the new grains became more uniform 
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and the grains started to grow. Also the formation of new grains was 
observed. After heating 7 (20 minutes at 640°C), strong grain growth 
occurred. Although the grain growth rapidly advances, strong variations 
exist in the growing grains. After the last heating (heating 10), the grains 
that were already present after heating 7 grew further and the dislocation 
density within these grains reduced to values of roughly 1012 /m2.  
 
 
EBSD results  
(orientation parallel to the sheet 
normal) 
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Figure 4.7: EBSD maps and corresponding GND densities of the cold rolled DC04 
steel The presented results were received in cooperation with Moritz Wenk. 
The data in Figure 4.7 allowed for the analysis of the nucleation and 
growth of individual grains. The inital state is compared to the state after 
first heating at 580°C and heating 6 at 640°C. In the EBSD map in 
Figure 4.8a (first heating), six regions are highlighted, in which freshly 
formed grains are observed. These regions are plotted with higher 
magnification in Figure 4.8b and are compared to the same regions in the 
cold rolled material.  
The results indicate that grain 1 arose from a region that had a similar 
orientation in the initial cold rolled material. For the grains 2, 3, 5 and 6, 
small sites were already observed in the initial cold rolled material that 
have approximately the same orientations as the grains after heating 6. The 
observed sites are marked in the image. Grain 4 is an example of a grain 
whose nucleation sites could not be observed in the initial microstructure 
which may also be a consequence of the high amount of undetectable 
orientations in this region. Although only inverse pole figure maps relative 
to the sheet are used here to show grain growth, it was confirmed that the 
arguments about the nucleation sites still hold, when the full three-
dimensional crystal orientation is taken into account [32].  
 
Heating 10 




Figure 4.8: (a) shows the EBSD map after heating 1 in which freshly formed grains 
are marked (grain 1-6). These regions are depicted with higher magnification in (b) 
and the regions are compared the cold rolled DC04 steel. 
After heating 6 the formation of more grains could be observed. The 
location of three freshly formed grains (grain 7-9) is marked in the EBSD 
map in Figure 4.9a. The same regions are plotted at higher magnification in 
Figure 4.9b and are compared to the microstructure of the initial cold rolled 
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Figure 4.9: (a) shows the EBSD maps after heating 6 in which three freshly formed 
grains are highlighted (grains 7-9).  
For grain 7 it seems that a very small grain or site with similar 
orientation was already present in the initial cold rolled material which 
became larger in the subsequent heat treatment steps. After heating 1 the 
formation of grain 8 could be observed. For this orientation no nucleus is 
visible in the initial microstructure. Grain 9 formed after heating 6. Also for 
this grain no suitable nucleation site is visible after heating 1. Between 
heating 6 and heating 10, grains 8 and 9 coalesce to form a larger grain 
(Figure 4.7).  
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4.3 Influence of heating conditions on the microstructure 
In order to investigate the influence of higher heating rates and heating 
temperatures on the microstructure of the DC04 steel, a heating experiment 
was performed at 680°C for 33 minutes. Figure 4.10a shows the EBSD 
results that were obtained after this fast heating experiment. The result is 
compared to the microstructure that developed after the slow heating 
experiment at 647°C introduced in the last section (section 4.2, Figure 4.7). 
The microstructure after this slow heating experiment is depicted in 
Figure 4.10b. Figure 4.10c shows the microstructure of heat treated DC04 
steel as extracted from the steel production process (section 4.1, 
Figure 4.1f).  
 
   
 
Figure 4.10: EBSD maps of DC04 steel that represent the crystal orientation 
parallel to the sheet normal after (a) a fast heating experiment at 680°C for 33 min, 
(b) a slow heating at 647°C (see section 4.2) and (c) of the heat treated DC04 steel 
as extracted from the steel manufacturing process (see section 4.1). 
(c) (a) (b) 
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Among the three materials, the one with the fast heating to 680°C 
(Figure 4.10a) exhibits the smallest grain size. The distribution of color in 
this map also indicates that there is no or only little texture in this material. 
After the slow heating experiment (Figure 4.10b), the grains have a larger 
grain size than the material that was extracted from the industrial process 
chain (Figure 4.10c). In both materials a preferred <111> crystal 
orientation perpendicular to the sheet can be observed and in both cases the 
large grains are elongated along the rolling direction. Details on the texture 
can be observed in the pole figures in Figure 4.11. 
Figure 4.11a shows pole figures after the fast heating process. The 
microstructure of this material has a rather random distribution of the 
<111>, <110> and <001> orientations. Despite this randomness, the {111} 
and {001} pole figures show slightly higher intensities in the center which 
means that the {111} and {001} planes are preferentially aligned parallel to 
the sheet. The {110} pole figure shows a maximum along the rolling 
direction. In general, the maximum intensities for all three pole figures are 
three times lower than what was found after the slow heating experiment 
(Figure 4.11b) or for the heat treated material from the steel production 
process (Figure 4.11c). After the slow heating process (Figure 4.11b), the 
material exhibits a similar pole figure than the DC04 steel from production 
(Figure 4.11c). In both materials, ?- and ?-fiber components can be 
observed. The ?-fiber corresponds to the center pole in the {111} pole 
figure. Evidence for the ?-fiber is visbile in the {110} pole figures from the 
symmetry of this figure. Ideally poles appear at the perimeter as in the cold 
rolled material in Figure 4.2b, but here the intensity of this fiber is rather 
weak and only the rotational symmetry along the <110> direction indicates 
the presence of the ?-fiber in the {110} pole figure. After the slow heating 
experiment the orientations seem to be less discrete and more clustered 
which is likely an effect of the larger grains. The intensities of the poles are 
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Fast heating experiment at 




Slow heating experiment at 




Heat treated DC04 steel 
extraced from the process 
chain (see section 4.1)
 
Figure 4.11: Pole figures measured after the three different heating processes 
applied to cold rolled DC04 steel. The pole figures were generated from the EBSD 
data in Figure 4.10.  
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For detailed analysis, the ODF plots that correspond to the ?-fiber and 
the ?-fibers of the DC04 steels after the three different heating processes 
are plotted in Figure 4.12. In addition, the fibers of the cold rolled DC04 
steel are depicted. After the fast heating experiment to 680°C for 33 min, 
the material shows a weak minimum in the ?-fiber for the {111} <110> 
orientations and slightly higher intensities for the {119} <110> 
orientations. In both, the ?-fiber and the ?-fiber, the overall intensity is 
lowered which indicates that orientation information is lost and that a 
transition to a more random orientation occurs during the fast heating 
experiment.  
 
?-fiber (?1=0°, ?2=45°) ?-fiber (?=54.7°, ?2=45°) 
  
Figure 4.12: Calculated ODF of the ?- and ?-fiber for the cold rolled DC04 steel, 
the heat treated material received from the process chain after two different heating 
procedures 
Figure 4.13 shows the EBSD maps of the cold rolled material and after 
the fast heating experiment to 680°C. The orientations are plotted along the 
rolling direction Figure 4.13a, b and parallel to the sheet normal 
Figure 4.13c, d. The EBSD maps in Figure 4.13a, b show, that the amount 
of <110> and <111> orientations do not significantly change during the 
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heating experiments. Parallel to the sheet normal, the amount of <110> 




Figure 4.13: EBSD maps of (a), (c) the cold rolled DC04 steel and (b), (d) after a 
heating experiment to 680°C for 33 min. The EBSD maps in (a) and (b) present the 
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4.4 Discussion 
In the previous sections of this chapter the results from microstructure 
analysis after cold rolling and after different heating experiments were 
presented. In this section, the changes in the microstructure and in 
particular the evolution of the different texture components under different 
heating conditions will be discussed. Furthermore, this section focuses on 
grain growth and recrystallization and how these processes are affected by 
different heating conditions. 
4.4.1 Texture of cold rolled DC04 steel 
The ODF plots that were presented for the cold rolled DC04 steel 
(Figure 4.4) show similarities to the ODF plots that were determined by 
Von Schlippenbach [27] for a cold rolled AI steel with similar chemical 
composition (section 2.2.2, Figure 2.11). Differences can be found in the 
location of the maxima in both ODFs. Therefore, the corresponding ?- and 
?-fibers are compared. The ?- and ?-fibers that were determined by Von 
Schlippenbach (Figure 2.12) have maxima at {111} <110>. The fibers that 
were determined for the cold rolled DC04 steel that have their maxima at 
{001} <110> and {111} <112> (Figure 4.5e, f). A possible reason may be 
that the ODF plots from the literature were determined after a rolling 
reduction of 80 %. Raabe et al. [23] determined the evolution of the ?- and 
?-fibers after different rolling reductions of an IF steel (section 2.2.2, 
Figure 2.10). After a rolling reduction of ~70 % the ?-fiber have maxima 
for {001} <110> and {112} <110> orientations although the intensities are 
different compared to the cold rolled DC04 steel. The ?-fiber plot that was 
determined by Raabe et al. also shows a maximum for the {111} <112> 
orientations. 
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4.4.2 Texture evolution during slow heating of cold rolled 
DC04 steel 
The texture that forms during the slow heating experiment is not random 
and is still governed by a ?-fiber and to some extent by the ?-fiber. This 
suggest that the in plane orientation that develops during the heat treatment 
is affected by the initial cold rolling. In the following, details on the texture 
evolution and mechanisms that can possibly lead to the observed textures 
will be mentioned. 
Only minor changes occur until heating step 6 (Figure 4.6). Starting 
after heating 7, the orientation density in the ?-fiber plot isotropically 
increases (increase in <111> out of plane orientations). In parallel, the ?-
fiber also changes and preferred orientations already become visible. This 
change in the ?-fiber consists of a decrease in the density between {001} 
and {112} and a concurrent increase of density at {111}. In general, two 
mechanisms come into question that may lead to an increase in the density 
of the <111> out of plane orientations. First, new {111} grains may form 
within the deformed {001} and {112} grains which would also decrease 
the density of these two orientations. Second, existing {111} grains may 
grow in excess of grains with other orientations. Considering the 
microstructure in Figure 4.7, it can be seen that during heating 7 dramatic 
changes happen and afterwards a large area fraction is covered by a 
recrystallized region. These changes happened after only 20 minutes at 
647°C. During this short time very large grains appeared. A closer look at 
the large grains indicates that {111} grains with high levels of 
misorientation grew in excess of their neighbors. This suggests that the 
second mechanism for the increase of {111} density is responsible and that 
the highly deformed regions that are visible after heating 6 (Figure 4.7) are 
afterwards preferentially covered by new {111} grains. The increase of the 
{111} grains during heat treatment of cold rolled steel was also observed in 
the literature [85, 86]. The increase of the {111} density also seems to 
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appear in Figure 4.7 where the fraction of blue grains has increased after 
heating 7, in accordance to the isotropic increase in the ?-fiber plot. It 
should be noted here that the texture data (Figure 4.6) was recorded in 
regions that are much larger than the regions that display the microstructure 
(Figure 4.7). Nevertheless the smaller regions are used here to illustrate the 
spatial distribution of the grains. In the initial microstructure (Figure 4.7), 
{111} grains generally have a higher dislocation density than {001} grains 
(Figure 4.7). This is also observed in the literature on cold rolled ?-Fe [87]. 
A possible reason for the preferred growth of {111} grains may be due to 
the fact that the high density of dislocations in the {111} regions offers 
stored plastic energy that can be released during recovery and grain growth. 
The assumption is confirmed by Figure 2.13 in section 2.2.3 which shows 
that the reduction of the plastically stored energy is the main driving force 
at high dislocation densities. Both processes may not necessarily lead to 
changes in local orientation. 
Strong changes in the ?- and ?-fibers can be detected after heating 8. 
Although heating 8 occurred at 648°C for 20 min, with parameters that are 
very close to heating 7 a very different effect in the texture is achieved. At 
first glance (Figure 4.7) not much changes in the microstructure, but from 
Figure 4.6 it can be seen that the texture strongly changes. Here preferred 
orientations form along the ?-fiber which are the {111} <011> orientations 
and orientations not far from {111} <123>. Also the already existing 
{111} <110> orientations in the ?-fiber plot dramatically strengthens. 
Combining the information from both fibers shows that the area fraction of 
{111} <110> orientations, that belong to both fibers increases strongly. 
From this point on only little changes occurred in the texture and upon 
heating. This is even valid after heating 10 that took 24 h at the same 
temperature. The microstructure in Figure 4.7 suggests that the change in 
the texture is due to the second mechanism in which grains with the 
respective orientation grow to increase the orientation density. After 
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heating 7, regions with high dislocation density remained. A possible 
driving force for the growth of grains during heating 7 and the associated 
change in texture may be the reduction in stored plastic energy. The fact 
that this leads to the observed very strong sharpening of the texture may be 
partly due to the fact that many of the remaining regions are already <111> 
oriented out of plane. Nevertheless it is surprising that also a strong 
prevalence of the <110> orientations along the rolling direction forms. This 
seems to be due to the cold rolling step since the {111} <110> orientation 
lies at the intersection between ?-fiber?and??-fiber which are both common 
for cold rolled bcc metals. Altogether a distinct sequential evolution of the 
microstructure was observed. First a strong effect in the microstructure 
(spatial changes) and subsequently a strong effect in the texture (orientation 
changes) occurred. 
4.4.3 Grain nucleation and growth 
In the experiments, EBSD maps were taken after all heating steps. This 
allowed the investigation of the development of the microstructure. By 
comparing EBSD maps (Figure 4.8) before and after heating 1 (594°C for 
7min), small changes in the microstructure were detected. In most cases it 
seems that the orientations of the new grains were already present in the 
cold rolled material. The formation of subgrains that can occur during 
recovery (section 2.2.3) was not confirmed in our studies. These 
observations lead to the assumption that nucleation processes do not 
contribute to recrystallization in DC04 steel. From the few observations 
that were made no preferred crystal orientation can be identified and it 
seems that these early steps of grain growth happen for random 
orientations. In most cases the new grains were located in previously highly 
deformed regions. In a few cases the orientation of the growing grain could 
not be found in the deformed microstructure but it may be the case that this 
is only due to the poor quality of the diffraction patterns in the deformed 
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regions. The very small nuclei that existed beforehand seem to grow into 
deformed regions. It is plausible that this early grain growth process is 
driven by a reduction in stored plastic energy.  
During the course of growth over several heating steps (Figure 4.7), the 
density of dislocations changes in the growing grains. Also the appearance 
and disappearance of dislocation networks was observed. These 
observations demonstrate that the new grains are not fully relaxed and that 
mechanical processes can even strongly affect a growing grain. Further 
indications for the fact that high mechanical stresses exist during grain 
growth were found by a calculation of mechanical stresses from the 
diffraction patterns that were recorded in the experiments presented here. 
Details on the stresses of growing grains can be found in [32].  
The final grain size that was achieved in the slow heating experiment is 
larger than the grain size of the commercial material (heat treated material). 
This is not surprising since the heat treatment during steel production may 
occur at different temperatures. In the production process the heating phase 
is most likely significantly shorter. In order to assess how the heating time 
affects the texture and microstructure, the measurements were 
complemented by a fast heating cycle.  
4.4.4 Influence of different heating conditions on the 
microstructure  
In the fast heating experiment the temperature of the sample was kept at 
680°C for 33 minutes. The resulting microstructure in Figure 4.10 is 
composed of small grains with a rather uniform shape. It strongly differs 
from the microstructure that developed after the slow heating experiment 
and also from the microstructure of the material that was extracted from the 
production process. Although the pole figures (Figure 4.11a) show ?-fiber 
and ?-fiber components for the fast heated sample, the orientations are 
more randomly distributed than in the other two cases. This is confirmed 
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by the ODF in Figure 4.12 where the overall intensity for this material is 
always lowest.  
Similarities can be found between the pole figure of the DC04 steel 
after the fast heating experiment and the pole figure of the cold rolled 
DC04 steel in Figure 4.2. The pole figures of both materials have maxima 
at the <111> and <001> orientations parallel to the sheet normal and 
maxima at the <011> orientations parallel to the rolling direction. In 
contrast to the cold rolled DC04 steel, the maxima that developed after 
heating at 680°C are less pronounced. From these observations it may be 
speculated that the recrystallization process was not fully completed after 
the 33 minutes. After the fast heating experiment the microstructure also 
differs significantly from what was observed during the slow heating 
experiments (between heating 1 and 10) in Figure 4.7. Two possibilities 
may be considered to explain the observations. Either the number of nuclei 
for grain growth may be different at the two different temperatures or there 
may be competing mechanisms during microstructure evolution.  
The first case follows the classic picture of microstructure evolution. 
There recovery takes place at relatively low temperatures before the 
recrystallization process becomes active (section 2.2.3). In this case, the 
recovery process defines the distribution of the nucleation sites for grain 
growth and subsequently at higher temperature the grains start to grow. 
This leads to different microstructures depending what has happened 
before during recovery. Humphrey and Heatherly [40] describe that the 
recrystallization temperature decreases with increasing stored plastic 
deformation. At lower heating temperatures, the recrystallization process is 
therefore limited to regions that contain sufficiently high dislocation 
densities. Gottstein [31] describes that the number of available nuclei 
decreases with decreasing heating rate due to recovery processes that occur 
during slow heating processes. The combination of both effects may lead to 
the observed microstructures. Extended recovery at lower temperatures 
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leads to a low density of nuclei. At higher heating temperature and high 
heating rates, the number of available nuclei will increase and a 
microstructure with smaller grains is expected to form during grain growth.  
The initial cold rolled microstructure (Figure 4.7) is inhomogeneous 
and contains regions with higher and lower dislocation densities. During 
the slow heating experiment the first freshly formed grains were observed 
in regions that have high dislocation densities. After heating 7, {111} 
grains that also contain high densities of dislocations started to grow in 
excess of the neighboring grains. This shows, that only a few selected sites 
started to grow at lower temperatures and formed a microstructure with 
large grains. At higher heating temperatures it may be possible that regions 
with lower dislocation densities can additionally start to grow. This 
increasing number of growing regions would form a microstructure with 
smaller grains which could be observed after the fast heating experiment. 
This mechanism is typically observed after the primary recrystallization 
process of deformed materials at higher heating temperatures.  
According to this picture it is surprising that almost no subgrain 
formation was found and that the microstructure evolved around existing 
orientations. Also surprising is the fact that there was almost no grain 
growth observed at the higher annealing temperature and that the 
microstructure did not change dramatically at the higher temperature. 
Alternatively to the classic description of microstructure evolution, a 
mechanism is discussed in the following where it will be assumed that the 
dominant mechanisms change when the sample is heated at different rate or 
to different temperatures.  
In general, recovery and recrystallization processes control the 
evolution of the microstructure during heating experiments. In the slow 
heating experiments (section 4.2) the evolution of small nuclei was 
observed. It became clear that the microstructure evolution in this case is 
dominated by grain growth and that nuclei were most likely already present 
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at the beginning. Therefore, for cold rolled DC04 the recrystallization 
process seems to be dominated by grain growth and less by grain 
nucleation. During grain growth, grain boundaries move. For large angle 
boundaries in pure metals this process is controlled by grain boundary 
diffusion [28]. Diffusion processes are generally described by the 
Arrhenius equation and depend on the temperature ?, the activation 
energies ?, the diffusivities ?0 and the Boltzmann constant k.  
? = ?0 ? ??? ??
?
??? (4.1) 
Another mechanism that releases stored plastic energy is recovery, 
where stored dislocations and vacancies annihilate without changing the 
microstructure. For this to occur, dislocations need to glide or climb. In 
particular, the climb processes are rate limiting since they require volume 
diffusion. The diffusivity also follows equation (4.1). Diffusion of atoms 
inside the grain volume need a significantly higher activation energy ??  
than diffusion processes inside the grain boundaries ??? . In the literature 
[88, 89] activation energies of ?? = 2.48??  for the volume self-diffusion 
and ??? = 1.81?? for grain boundary diffusion in ?-Fe were reported. 
The pre-exponential factors have values of ?0?? =1,27·10-5 m2/s [88] and 
?0?= 2.76·10-4 m2/s [89, 90] assuming a grain boundary width of 1 b. With 
these values the diffusion coefficients at 647°C and 680°C can be 
calculated (Table 4.2).  
 
 640°C 680°C 
Grain boundary diffusion DGB=7.63-13 m2/s DGB=1.35·10-12 m2/s 
Volume diffusion DV=9.88·10-21 m2/s DV=3.67·10-20 m2/s 
DGB/ DV 77·106 37·106 
Table 4.2: Diffusion rates calculated for ?-Fe at 640°C and 680°C [88-90] 
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The microstructural evolution of the DC04 steel is a complex process 
based on mechanisms that are most likely dependent on individual grain 
boundaries on impurities and many other factors. Despite this complexity, 
in the following a very simple picture will be developed that tries to 
explain the different microstructures by a competition between recovery 
and recrystallization (Figure 4.14). This simple consideration can explain 
the differences and is in qualitative agreement with the observations made 
at both temperatures. At temperatures of 647°C, volume diffusion may still 
be too slow to lead to significant recovery and grain boundary diffusion 
may be the dominating mechanism that causes the reduction in stored 
plastic energy. In this case large grains form and changes in the texture of 
the cold rolled metal will occur. At 680°C, the situation may be very 
different. Here the diffusivity through the volume is roughly four times 
higher than at the lower temperature and dislocations or other defects in the 
grains may annihilate before grain boundary motion can begin. In this case 
the stored defect energy is already consumed and the driving force for 
subsequent grain growth is lacking. Therefore, no dramatic changes in the 
microstructure are expected and in particular the initial grain size will be 
conserved. This picture roughly describes the experimental observations, 
where smaller grains were found at the higher annealing temperature. In the 
experiment a temperature difference of only 33°C leads to this very marked 
difference in the microstructure. In order to further describe the simple 
concept of the competition of mechanisms a simple Gedankenexperiment 
will be performed in the following.  
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Figure 4.14: Schematic of two neighboring grains with a high (left) and a low 
(right) density of dislocations ?. The average distance between the dislocations in 
the left grain are 50 nm. ??????  is the climb velocity of the dislocations and ???  the 
velocity of the grain boundary that is moving into the grain with high dislocation 
density.  
Figure 4.14 shows two neighboring grains. The grain on the left has a 
density of dislocations similar to the cold rolled material. The grain on the 
right has a lower dislocation density which is characteristic for the 
annealed material. The free energy of the material can be reduced by the 
removal of dislocations. This can happen by the two pathways already 
described. In the first case the grain boundary sweeps across the left grain. 
This process is diffusion limited and in order to move a high angle grain 
boundary, atoms need to diffuse across and along the boundary. The drift 
velocity ???  of matter during diffusion is given by  
??? = ??? (4.2) 
where ? is a mobility and ?? a driving force. Here ?? is the decrease in 




?= 1·1014 1/m2 ?= 1·1012 1/m2
?climb
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boundary to the other side. For the mobility of the boundary a simple 
model which is based on the Nernst-Einstein relation for high angle 
boundaries is used [91, 92]. 




Assuming a boundary width of one Burgers vector b and an atomic volume 
?. The stored plastic energy of the left grain in Figure 4.14 is considered to 
be the driving force for atoms moving to the right grain. The energy per 
length of a dislocation line is given by ?/? ? ??2/2 with G being the 
shear moduls and ? the length of the dislocation line. For a given 
dislocation density ? the energy density of the plastically stored energy is 







Equations (4.2), (4.3) and (4.5) yield 
??? =
DGB b4?G
6??  (4.5) 
Inserting values into this equation will yield estimates for the velocity of 
the boundary during its motion into the plastically deformed region (right 
part of Figure 4.14). The mobility used before does not take into account 
microscopic mechanisms and is known to often lead to too high velocities 
for the interfaces [91].  
In the second pathway, recovery takes place and dislocations can 
annihilate without causing strong microstructural changes. This may 
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happen by several mechanisms but quite likely dislocation climb will be 
required. This is a slow process that is based on vacancy diffusion in the 
bulk. During climb, vacancies diffuse from or to the dislocation and cause 
its motion by growth or shrinkage of the inserted extra half plane 
representing the dislocation. The driving force for this process is more 
localized and is due to the mechanical stresses around the climbing 
dislocation. The climb velocity can be estimated [93] by using a cutoff 








Using climb, dislocations can overcome obstacles. If there are no obstacles 
or only small obstacles around a dislocation, they will most likely move by 
glide or thermally activated glide. In order to estimate the velocity of 
recovery, only the most time consuming and therefore rate limiting step of 
dislocation climb is considered here. Although climb may require most of 
the time during the recovery process, it is most likely not the mechanism 
that will move dislocations by the largest distances. At this point a 
somewhat arbitrary assumption is made that only 10 % of the initial 
dislocation distance needs to be covered by climb. For a dislocation density 
of ? = 1014 1
m2
, an average dislocation spacing of 100 nm results. If both 
dislocations approach each other, then only 5 nm need to be covered by 
climb. In the following the velocity and times for recovery/grain growth for 
the two pathways are compared at the two different temperatures. Table 4.3 
shows the parameters that were used and Table 4.4 shows the results. 
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Shear Modulus of Fe ?=82.2 GPa [94] 
Boltzmann konstant ?=1.381·10-23 J/K 
Burgers vector of Fe b=2.48·10-10 m 
Avogadro Constant ?? =6.022·1023 mol-1  
Lattice konstant of Fe ?=2.86·10-10 m 
Stresses in the grains ?=400 MPa [32] 
Distance to climb ?=( 1/??) 
Table 4.3: Material parameters of Fe that were used to calculated the climb 
velocities of dislocations and the grain boundary velocity at 647°C and 680°C 
 Grain growth Recovery 
???(nm/s) ?(?) ?????? (nm/s) ?(s) 
T1 (647°C) 310 161 0,02 250 
T2 (680°C) 530 94 0,07 71 
Table 4.4: Estimated values for the velocities of the grain boundaries and for 
dislocation climb at 647°C and 680°C. The times are needed to form a grain with a 
grain size of 50μm by the respective process. 
These values together with diffusivities from Table 4.2 give the times in 
Table 4.4 that are required to transform a grain (Figure 4.14) with a 
diameter (length) of 50 μm. From the times in Table 4.4 it can be seen that 
the controlling mechanism for microstructure evolution switches from 
grain growth at the lower temperature to recovery at the higher 
temperature. It has to be noted that the assumptions about the mechanisms 
that were made here are rather coarse and do not realistically reflect the 
underlying physical processes in detail. Even when just looking at the two 
selected processes, the definition of the structure independent mobility of 
grain boundaries and the criterion for the distance where annealing can take 
place appear to be very critical. It is therefore possible that there are errors 
in the velocities as large as one order of magnitude. Despite its simplicity 
this simple model demonstrates two of the very important mechanisms and 
illustrates the competition between recovery and recrystallization. It has to 
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be noted that both mechanisms that were used here are not fully 
independent. During microstructure evolution they are expected to run in 
parallel so that they would compete. This competition would favor the 
dislocation climb process, because reductions in the dislocation density 
within one grain would reduce the driving force for grain growth 
(equation (4.6)) and therefore would slow down this process. The simple 
Gedankenexperiment illustrates typical dimensions and velocities of the 
two processes. The observed microstructure shows that the grain size and 
grain orientations do not significantly change after the fast heating process. 
This fortifies the assumption that the competition between recovery and 
grain growth is responsible for the strong temperature sensitivity of the 







5. Size Dependent Micromechanical Behavior of 
DC04 Steel 
This chapter focuses on the deformation behavior of DC04 steel on 
different length scales. From many fcc and bcc metals it is known that they 
exhibit a strengthening that is dependent on the sample size. In this work, 
the deformation behavior of the heat treated and cold rolled DC04 steel 
were investigated by microcompression experiments on single and 
polycrystalline pillars with the focus on sample size and microstructure. 
Here the influence of alloying elements, precipitates, different crystal 
orientations and predeformation on the size dependent deformation 
behavior of DC04 steel will be investigated. The results will be compared 
to the size dependent deformation behavior of single crystalline ?-Fe 
which serves as a reference material since it has the same crystal structure 
as DC04 steel. The ?-Fe data that is used here was measured by Daniel 
Kaufmann in his Ph.D. thesis [56]. 
5.1 Heat treated DC04 steel 
The DC04 steel samples were taken during the steel production process 
right after a heat treatment step. Details of this heat treatment are not 
known but the resulting microstructure showed an average grain sizes in 
the range of 50 μm (see Figure 4.1). The pillars were machined into 
different grains and have <111>, <123> and <011> orientations along their 
axis. Figure 5.1 shows examples of two single crystalline DC04 steel 
pillars with diameter of 2 μm and 4 μm that were micro machined in the 
heat treated material by the top down milling method. 
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Figure 5.1: Heat treated DC04 steel pillars with diameter of 4 μm (a) and 2μm (b) 
micro machined by the top down milling method 
All micro machined pillars were compressed in the nanoindenter with a 
constant loading rate. Figure 5.1 shows stress strain data obtained on single 
crystalline DC04 steel pillars with 2 μm and 4 μm diameter. Even for the 
same orientation within the same pillars size, considerable scatter in the 
strength is found. Pillars with diameters of 2 μm show some orientation 
dependence of their strength where pillars with <111> orientation have the 
highest strength and show stronger hardening than pillars with <123> and 
<100> orientations. Among these two orientations, the <100> oriented 
pillars show the least hardening. For pillars with <100> and <123> 
orientations, no difference in strength is apparent when comparing pillars 
with diameters of 2 μm and 4 μm. This is different for the <111> where 
higher strengths and hardening is apparent for the 2 μm pillars. With 
decreasing pillar diameter down to 1 μm and 0.5 μm, the stresses increase 
and the stress-strain data become increasingly disruptive due to strain 
bursts. 
(a) (b) 




Figure 5.2: Stress-strain data of single crystalline DC04 steel pillars with diameter 
of 2 μm (a) and 4 μm (b) and bicrystals with diameter of 2 μm (c) and 4 μm (d) 
Typical examples of deformed pillars are show in Figure 5.3. A 
difference in the deformation behavior can be observed for pillars with 
diameters of 2 μm (Figure 5.3a,c,e) and 4 μm (Figure 5.3b,d,f). Pillars with 
2 μm (Figure 5.3a,e) show blurred glide steps after deformation whereas in 
pillars with 4 μm diameter (Figure 5.3b,f) the glide steps have sharper 
edges. In general, glide predominantly occurs at the top of the pillar and no 
clear difference in the deformation morphology can be identified. No 
localized dislocation glide is found in the pillars. Glide mostly occurs on 
several glide systems but can also happen on parallel glide planes that seem 
to belong to the same crystallographic glide system as for example can be 











Figure 5.3: SEM images of some of the tested single crystalline DC04 steel pillars 
with diameters of 2 μm and 4 μm and <111>, <123> and <001> orientations along 
their axis. FIB images of pillars that contain grain boundaries are shown in (g) and 
(h). These images indicate that the deformation process is not affected by the grain 
boundaries. Deformation occurs either inside the grains (h) but can also occur 
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Besides the experiments on single crystalline pillars, bicrystals were 
tested in order to explore the effect of grain boundaries on the mechanical 
response of DC04. In general five parameters are required to describe a 
boundary (the orientation relation between the neighboring grains and the 
relative orientation of the plane of the boundary) [82], therefore many 
possible configurations exist and a systematic study would be very time 
consuming. This was not attempted here, instead boundaries were 
randomly selected and bicrystals such as the one shown in Figure 5.3g and 
h were produced and mechanically tested. The morphology of the 
deformed pillars shows that in all cases slip occurred and that the slip lines 
did not necessarily end at the grain boundaries. Although the grain 
boundaries were randomly selected, no strong variation in strength between 
the different pillars was found (Figure 5.2b and d). In fact, scatter, 
hardening and strength levels of the bicrystals are not significantly different 
from what was measured on the single crystalline material in Figure 5.2a 
and c. In order to further explore the effect of grain boundaries, 
polycrystalline pillars with a diameter of 22 μm and a height of 60 μm 
were produced. These experiments are closer to macro scale testing and 
give information about the influence of grain boundaries on the 
deformation behavior of DC04 steel. Figure 5.4a shows an FIB image of a 
pillar after compression. The image shows that deformation in the 
polycrystal is based on glide inside individual grains but also that glide 
steps extend across grain boundaries. Figure 5.4 shows stress strain data of 
three compressed polycrystalline pillars. The curves show a deformation 
behavior that is relatively similar to what is found for the bulk material. 
The maximum stresses that were achieved are between 270 MPa and 
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Figure 5.4: FIB image of a polycrystalline DC04 steel pillar after compression 
(left). Deformation occurs by glide extending across grain boundaries. The right 
image shows corresponding stress strain data of three compressed polycrystalline 
DC04 steel pillars and stress strain data obtained from macroscopic tensile 
experiments on 1.2mm thick sheets of the same material (section 6.1). 
From Figure 5.2, it can be seen that the stress-strain response of DC04 
steel depends on the pillar size. Besides this data, additional experiments 
were carried out on pillars with different diameters to investigate the size 
dependence of DC04. The flow stress data for samples with diameter 
between 0.5 μm and 22 μm were extracted by drawing a line at 5 % strain 
parallel to the unloading curve. In Figure 5.5, the flow stress data at 5% 
plastic strain are plotted for different pillar diameters. The results are 
compared to the size dependent deformation behavior of ?-Fe that was 
investigated by Daniel Kaufmann [56]. In this study, experiments were 
performed on single crystal ?-Fe pillars with diameter ranging from 0.5 μm 
to 5 μm (section 2.3.2). The flow stresses of ?-Fe follow the described 
trend with an exponent of -0.81. For diameters below 2μm, the DC04 
samples roughly follow this trend and show a very similar scaling. For 
sample diameters around 2 μm, a relatively large scatter in strength can be 
seen in the DC04 samples and for pillars that are larger no further decrease 

















Data macroscopic tensile experiments
(a) (b) 
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in strength is found. This level of strength corresponds to the strength of 
large polycrystalline samples in compression and in tension (Figure 5.4b). 
 
 
Figure 5.5: 5 % flow stress data plotted to the corresponding pillars diameter. Data 
for ?-Fe were determined by Daniel Kaufmann [56] and are presented in 
section 2.3.2.  
Besides mechanical tests, a detailed microstructural characterization of 
the heat treated DC04 steel was performed. In cross sections prepared by 
FIB (Figure 5.6a) small features were observed. The features are located 
inside the grains and have an estimated average diameter of 0.2 μm and an 
average spacing of ~2 μm. The distance between these precipitates was 
estimated based on a FIB slicing of pillars with 4 μm diameter (~12μm 
height) in 50 nm steps and counting the observed particles in the pillar 
(Figure 5.6b,c). From this number, the average distance of particles was 
estimated by dividing the number of particles by the volume of the pillar as 
determined by the SEM. The edge length of this unit volume was then used 
1 10
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as the particle spacing. The EDX spectrum of a precipitate (Figure 5.6d and 
e) shows peaks that can be referred to Mn and S. Since the precipitate 
particles have diameters on the order of 200 nm, the EDX spectrum 
contains signals from the surrounding matrix material. A similar effect is 
expected for the EBSD patterns (Figure 5.6f-i). In order to correct for it, a 
pattern of the matrix (Figure 5.6f) and pattern of the precipitate 
(Figure 5.6g) were taken and the matrix contribution was subtracted so that 
only the EBSD signal of the precipitate remained (Figure 5.6h). This 
pattern could then be identified to result from a MnS alabandite phase, a 
material having a NaCl crystal structure. 





Figure 5.6: SEM image of a cross section of the heat treated DC04 steel (a), FIB 
cross-sectioning of a pillar (b,c), the composition of the matrix and particles as 
determined by EDX (d and e) and an EBSD pattern obtained by subtracting patterns 
of precipitate and matrix (f-i). 
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5.2 Cold rolled DC04 steel 
In the processing route of DC04, a cold rolling process is applied to the 
sheet metal before the final heat treatment process. It leads to a reduction in 
sheet thickness from 3.2 mm to 1.2 mm. Microcompression experiments, 
similar to the heat treated DC04 steel were performed on the cold rolled 
DC04. Pillars with diameters of 0.5 mm, 1.5 μm and 4 μm were tested. 
Figure 5.7a and b show stress strain data of the cold rolled DC04 steel 
pillars with diameters of 1.5 μm and 4 μm. Both pillar sizes show 
considerable scatter in their strength and the range of the measured stresses 
is similar for the two different pillar sizes. During deformation, the stress 
strain data of the 2 μm pillars showed less continuous plastic flow than the 
larger pillars and pillars made from the heat treated material (Figure 5.2). 
 
  
Figure 5.7: Stress strain data of cold rolled DC04 steel pillars with diameters of 
2μm (a) and 4μm (b). 
Figure 5.8a and b show two representative SEM images of deformed 
pillars with diameters of 2 μm and 4 μm. In pillars with diameters of 2 μm, 
deformation is again often located at the top whereas in larger pillars glide 
processes can also be observed closer to the root. In addition, a FIB image 
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of a compressed pillar in Figure 5.8c shows that the glide processes run 
through grain boundaries.  
 
 
Figure 5.8: Compressed cold rolled DC04 steel pillars with diameters of (a) 2μm 
and (b) 4μm. (c) FIB image of a compressed 4μm pillar that was micro machined 
into the cold rolled material. 
Figure 5.9a shows an EBSD map of the cold rolled material. It was 
obtained on a FIB prepared cross section where the cross sectional plane 
was chosen to be perpendicular to the rolling direction. Due to the cold 
rolling, the dimensions of the grains are generally larger in the horizontal 
direction. The variations in color within the individual grains indicate a 
(a) (b) 
(c) 
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relatively high dislocation density which was estimated to be in the 1014 to 




Figure 5.9: (a) EBSD results of a FIB cross section in the cold rolled DC04 steel, 
Estimated dislocation density from EBSD data are presented in (b). More 
information on the estimation is given in the discussion. 
The 5% flow stresses were extracted from the calculated stress strain 
data and plotted for the corresponding pillar diameter (Figure 5.10). The 
data show that the cold rolling leads to a decrease of the flow stresses for 
pillar sizes smaller than 1-2 μm compared to ?-Fe and heat treated DC04. 
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into the heat treated DC04 steel or ?-Fe. Overall, a size effect is not 
discernible in the cold rolled material. 
 
 
Figure 5.10: 5% flow stress plotted to the corresponding pillars diameter for the 
heat treated and cold rolled DC04 steel. Data for a-Fe were determined by Daniel 
Kaufmann [56] and are presented in section 2.3.2. 
5.3 Discussion 
The mechanical behavior of ?-Fe (section 2.3.2) and DC04 shows 
similarities in many aspects. The shape of the stress strain curves and their 
size dependence are very similar for pillars with diameters below 2 μm. 
Also, the deformation behavior follows the trend known from many metals, 
namely that with decreasing pillar size the strength increases and that the 
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5.3.1 Heat treated DC04 steel 
Small DC04 pillars with diameters below 2 μm, show stress-strain 
responses and strengths that are similar to that of ?-Fe pillars 
(Figure 2.14b). Deviations from the behavior of <211> ?-Fe occur for 
larger pillars. From Figure 5.4 and Figure 5.5 it can be seen that the 
strength of the heat treated DC04 steel pillars with diameters larger than 
4 μm show stresses that are close to the bulk strength of this material which 
is around 290-320 MPa. In contrast to ?-Fe, this bulk strength is rather 
high. Pure single crystals of ?-Fe can have strengths as low as 10 MPa [65, 
67]. Several reasons are possible for the enhanced strength of DC04 as 
compared to ?-Fe. For example the dissolved carbon can have a strong 
influence on the mechanical properties of the material due to interstitially 
dissolved carbon atoms and the interaction of the resulting stress fields 
with dislocations [36, 67]. For ?-Fe that is alloyed with carbon, an increase 
of the strength can be observed at room temperature which is proportional 
to the carbon concentration (section 2.3.1). A carbon content of 
~0.001 wt% increases the strength about ~100 MPa [36]. Therefore, it is 
most likely that the carbon content in DC04 steel increases the strength by 
300 MPa. This hardening is expected to be size independent and should 
lead to the same amount of strengthening for samples of different size. For 
pillars sizes smaller than 2 μm a strengthening similar to ?-Fe can be found 
due to size effects that control the strength of the pillars in this size regime. 
This size effect strengthening is stronger than the hardening due to 
interstitially dissolved carbon and is therefore the dominant mechanism for 
pillar sizes smaller than 2 μm.  
Moreover, the microstructural characterization of DC04 steel showed 
that the material contains small precipitates that were analyzed to be MnS 
(Figure 5.6). These presumably incoherent particles can serve as obstacles 
that hinder dislocation motion. The Orowan law ?? = ??/? can be used to 
calculate the increase in flow stress caused by hard obstacles. The 
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measured average particle distance within the grains is ? = 2 μm, the shear 
modulus of ?-Fe is ?=82.4 GPa and the lattice constant ? ? 2.9 ?. 
According to the Orowan law, these values result in an increase in strength 
of ~10 MPa. With this simple estimation only a small fraction of the 
strength can be explained.  
Another possibility is that size effects may be responsible for the 
observed increase in strength. From thin films it is known that the strength 
of the film increases with decreasing film thickness [57, 95, 96]. A similar 
effect can be found in micro- or nanocrystalline materials. According to the 
Hall Petch law, the strength of the material is inversely proportional to the 
square root of the grain size [37, 57]. These two very different systems 
show that strengthening mechanisms exist that scale with sample or feature 
size. In particular when dimensions approach the sub micrometer scale, 
strong scaling effects are often found. This may be due to the fact that 
instead of dislocation networks only individual dislocations carry plasticity 
and that the availability of mobile dislocations decreases with decreasing 
sample or feature size. Since these concepts seem to be valid for varying 
geometries ranging from pillars over films to nanocrystalline materials it is 
not implausible that similar concepts may also be applicable to particle 
strengthened materials when the spacing between the particles reaches into 
the micrometer scale. In the DC04 steel investigated here, the average 
particle spacing is roughly 2 μm. Therefore, pillars with diameters larger 
than 2 μm should contain more than one particle. If the particles are located 
on the glide planes of the moving dislocations, they serve as obstacles that 
hinder dislocation motion and cause hardening. In this case, a strengthening 
of these pillars would be expected. This strengthening would not depend on 
pillars size as long as the pillar contains one or more particles that are 
located on the glide planes of the moving dislocations. In this case, the 
shortest dimension (including particle spacing or spacing between particles 
and pillar sidewall) would control the strength which may lead to the 
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observed strengths of around 320 MPa. In pillars where the diameter is 
smaller than the particle spacing, i.e. smaller than 2 μm, the strength may 
be controlled by the pillar dimensions and a size scaling of these "particle 
free" pillars similar to the one of ?-Fe is expected and observed (see 
Figure 5.5). It seems plausible that in the transition region between size 
controlled strengthening and particle spacing controlled strengthening, a 
large scatter in strength would occur due to variations in particle number 
and position inside the individual pillars. This concept is supported by 
micro compression data from ODS strengthened nickel [97]. There the 
strength of the ODS nickel was around 500 MPa and did not strongly scale 
with pillar size, consistent with a particle spacing of ~100 nm as observed 
by TEM.  
For pillar diameters of 2 μm, a large scatter in the strengths can be seen 
in Figure 5.5. A closer inspection shows that the <111> oriented pillars 
have a higher strength than the other pillars. The strengths fall onto the 
trend line that describes the size scaling of the <211> oriented ?-Fe. Pillars 
with diameter of 2 μm and <123> or <001> orientations have slightly 
lower strengths that are roughly in the range of the bulk strength of DC04. 
With decreasing pillar diameter, the strengths of the <123> oriented pillars 
also increase and reach values similar to the <211> ?-Fe and <111> DC04 
samples. The <100> oriented DC04 samples show a behavior that is 
markedly different from the rest of the data. The onset to size dependent 
behavior occurs at smaller pillar size and their strengths stay below the 
strengths of the other orientations. Overall, the size scaling of the strength 
of DC04 seems to depend on the orientation (Figure 5.11a). Not only the 
onset of the size dependent strengthening occurs at different sizes for 
different orientations, but also the scaling of the tested pillars depends on 
their orientation. 
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Figure 5.11: (a) Estimated size scaling exponents of the strength for DC04 steel 
pillars with <001>, <111> and <123> orientations and possible trendlines of the 
stresses that indicate the different onsets of the size dependent behavior. (b) 
Resolved shear stresses in the single crystalline pillars calculated at 5 % plastic 
strain with Schmid factors for slip on {211} (Table 1). 
Glide planes Schmid factors m Loading directions <001> <111> <123> 
{110} highest m 0.41 0.27 0.47 second highest m 0 0 0.35 
{211} highest m 0.47 0.31 0.47 second highest m 0.24 0.16 0.34 
Table 5.1: Schmid factors m for different orientations assuming glide on {110} or 
{211} planes with a burgers vector of <111> 
Surprising are the high strengths that are found for the <123> oriented 
pillars. According to the Schmid factors in Table 5.1, the strength values 
are expected to lie not far from the <100> data. The high strengths found in 
the experiments could be due to another mechanism. <100> and <111> 
orientations have high symmetry with eight or six equivalent slip systems 
that all have the highest Schmid factors. In <123> pillars, only one glide 
system with the highest Schmid factor is available. If the mechanical 
strengthening of small samples is due to the limited availability of 
dislocations as often discussed [46, 57, 98], then crystal symmetry may 
1 10
 ?-Fe: slope -0.81
 <111> slope -0.81
 <123> slope -1.0























































5 Size Dependent Micromechanical Behavior of DC04 Steel 
112 
play a role. In the high symmetry pillars, more possibilities exist for 
nucleating dislocations than in the single slip configuration [75]. Such an 
argument could explain the rather high strengths that were found in the 
small single slip <123> pillars.  
Characteristic deformation morphologies of pillars are depicted in 
Figure 5.3. There is a change in morphology between 2 μm and 4 μm 
pillars. Independent of their orientations, pillars with diameters of 2 μm 
predominantly deform at the top whereas 4 μm pillars also tend to deform 
closer to the root as it was the case in Figure 5.3b,d,f. Such an effect may 
be related to stress concentrations at the interface between tip and pillars. 
At a given stress on the pillar, the sample edges or a surface irregularity 
would lead to stress concentrations. The field of this stress has 
characteristic dimensions that are not necessarily related to the sample 
dimensions. If the samples are large compared to this stress field, mostly 
uniform straining will happen. For small samples, the stress concentration 
may dominate and lead to a localization of the plastic deformation as 
observed on the 2 μm pillars. Comparing deformation morphologies 
between different orientations and sizes suggests that the large <111> 
pillars (Figure 5.3b) deform differently than the others. On these pillars, 
very distinct slip processes on parallel glide planes were found and from 
their spacing it seems that only little or no interaction between different 
glide systems occurs. These observations indicate that the 4 μm pillars with 
<111> orientation are less resistant to glide than the other samples. This 
assumption is fortified by the stress strain data shown in Figure 5.2b where 
data was recorded at constant rate and therefore the spacing between data 
points inversely correlates to the rate of deformation. The highest 
deformation rates and also the largest plastic strains are observed for the 
<111> pillars. In contrast to this, the stress strain data of pillars with <123> 
orientation show that the samples are continuously hardening during 
compression. This may also be inferred from the deformation morphology 
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of the <123> pillar in Figure 5.3c where it can be seen that the glide steps 
are not as distinct and that often more than one glide system was active. 
The activation of the second glide system in <123> pillars can be explained 
by the relatively high Schmid factor of the second glide system. When 
comparing the shapes of the 2 μm with the 4 μm pillars it can be seen that 
there is a general trend that the slip steps are more blurred in the smaller 
samples. This suggests that in the larger samples, glide is more localized 
and happens on individual planes and that in the small samples deformation 
is less localized and happens on neighboring planes. 
The deformation morphologies of polycrystalline pillars 
(Figure 5.3 g,h) are not very different from the ones of single crystalline 
pillars. In the polycrystals, slip traces sometimes run across grain 
boundaries as can be seen in Figure 5.4. This is surprising since the 
orientations of the grains vary strongly. The bcc crystal has 24 or 48 glide 
system, depending if the {123} glide planes are included. These large 
numbers of glide systems may facilitate the continuation of slip in 
contiguous regions with different crystal symmetry. The fact that grain 
boundaries are no or only weak obstacles to dislocation motion is apparent 
in the stress-strain responses in Figure 5.2. When comparing Figure 5.2a,b 
with Figure 5.2c,d it can be seen that single and polycrystalline samples 
mechanically do not behave significantly different. When considering 
samples with many grains, the strength and the stress strain response of 
polycrystalline pillars with diameter of 22 μm shows some similarity to 
that of macroscopic DC04 samples (Figure 3.2). The elastic slope measured 
on the polycrystalline pillars is too low. This is a common phenomenon 
observed in microcompression experiments and may be attributed to the 
onset of localized plasticity, stress inhomogeneities directly underneath the 
flat punch, misalignment between flat punch and pillar or the elastic 
deformation of the material underneath the pillar. Therefore, the elastic 
modulus should be determined from unloading data. The fact that the 
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measured flow stresses in these macroscopic samples do not deviate from 
the flow stresses measured in tensile experiments and in the 4 μm single 
crystals suggests that the presence of grains in this size regime does not 
lead to significant strengthening in DC04.  
5.3.2 Cold rolled DC04 steel 
In the steel process chain, cold rolled sheets are heat treated resulting in the 
material that has been investigated so far. In the following, the cold rolled 
material before the heating step will be addressed. During cold rolling the 
thickness of this material was reduced by a rolling reduction of 63%. 
Figure 5.9a shows EBSD data of a FIB cross section that was micro 
machined into this material. The shades in the colors within the grains 
indicate a high density of dislocations. The density of geometrically 
necessary dislocation (GNDs) ? was roughly estimated by using the EBSD 
data shown in Figure 5.9a and applying these data to equation (2.5). It has 
to be emphasized that this treatment only gives estimates for the dislocation 
density and does not account for the different slip systems. Such a 
treatment requires a significantly more complicated analysis [17, 99]. 
Despite the simplicity of this estimation it was shown in the literature that 
both, this estimation and the more elaborate concept yielded very similar 
results for a dual phase steel [17].  
In Figure 5.7 the stress-strain data of pillars with a diameter of 4 μm are 
depicted. Compared to ?-Fe and the heat treated DC04 steel, the maximum 
stresses are roughly twice as high. It is straightforward to argue that the 
higher dislocation density leads to dislocation-dislocation interactions that 
are stronger in the cold rolled material. The increase of the bulk strength 
due to cold work hardening is commonly assumed to be proportional to the 
square root of the dislocation density ?? = ??? ? ?1 2?  according to the 
Taylor equation with ? = 0.4 for bcc metals. Following this, a dislocation 
density of 9*1014/m2 which is the average value of estimated dislocation 
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density would increase the strength by 245 MPa. This roughly agrees with 
the measured difference of ~280 MPa between the strength of the heat 
treated DC04 steel pillars and the cold rolled pillars for a pillar diameter of 
4 μm (Figure 5.10). It should be noted that the data is only based on a 
rough estimate of the dislocation density and additional statistically stored 
dislocations that cannot be detected using EBSD with a step size of 200 nm 
may also contribute to the strengthening. Also, the dislocation density map 
in Figure 5.9b shows regions of increased density which may be related to 
cell structures that form during rolling. In the literature, the development of 
the microstructure and the cell sizes was investigated in an interstitial free 
steel after different rolling reductions by Godfrey et al [38]. After a rolling 
reduction of 70 % the cell sizes were smaller than 500 nm. The features in 
Figure 5.9b are not strictly periodic but seem to have dimensions in the low 
micrometer range. The dislocation networks that exist in the cold rolled 
material represent obstacles for moving dislocations which lead to higher 
strengths as compared to the low defect heat treated material.  
Smaller pillars with diameters of 2 μm (Figure 5.7 a) show stress strain 
responses that are similar to that of the 4 μm pillars (Figure 5.7 b) with 
levels of flow stresses comparable to ?-Fe at 2 μm. In Figure 5.10 the flow 
stress data are plotted for different pillar sizes. The flow stresses in the cold 
rolled material changes only little with decreasing pillar diameter. As a 
consequence, pillars with diameter of 0.5 μm have flow stresses that are 
significantly lower than that of the heat treated DC04 steel and ?-Fe. This 
finding will be discussed in the light of a number of theories that try to 
explain the size dependent strength of metal single crystals. Dislocation 
starvation is one possible explanation [46, 47, 57, 98]. With decreasing 
sample size, the number of dislocation sources in the material decreases. In 
addition, the surface-to-volume ratio of the pillars increases which leads to 
higher probabilities to annihilate moving dislocation at the nearby surface 
due to image forces. In this situation, deformation is limited and controlled 
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by the availability of dislocations. In the absence of dislocations, high 
stresses may be required for their nucleation leading to a strengthening. In 
the cold rolled DC04 steel, a high dislocation and defect density is present 
which may alleviate dislocation nucleation. At these defects, additional 
mechanisms for dislocation nucleation can take place that require lower 
stresses. This finding is in agreement with the measurements bei Bei et al. 
on pre-strained Mo-based pillars who found a decreasing strength of 500 
nm pillars with increasing pre-strain [72]. 
In Figure 5.8 the deformation morphologies of pillars that were micro 
machined into the cold rolled DC04 steel are depicted. The contrast in the 
FIB image (Figure 5.8c) shows that the pillars contain regions with 
different orientations and therefore several grain boundaries. During 
compression, the active glide processes also seem to cross the existing 
grain boundaries. This observation fortifies the assumption that grains 
boundaries do not significantly affect the deformation behavior in DC04 
steel both in the heat treated and in the cold rolled material. In pillars with 
4 μm diameter, small slip steps can be observed at the surface of the pillar. 
This indicates that during deformation of the cold rolled material glide 
processes are not localized onto single glide systems but that glide 
processes can be activated on several glide planes. 
In order to summarize the results of this chapter, Figure 5.12 illustrates 
the individual factors and their effect on the size scaling of strength. It is 
demonstrated that the size scaling is affected by many parameters and that 
it is not justified to describe it by a single exponential relationship from a 
mechanistic point of view. 
In the heat treated DC04 steel, pillars with diameters larger than 2 μm 
show strengths that are higher than what was found for ?-Fe. These 
strengths are in agreement to the bulk strength as measured by tensile 
experiments on macroscopic samples. The increase of the strength 
compared to pure Fe may is most likely caused by interstitially dissolved 
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carbon and/or particle strengthening of small MnS precipitates that were 
found in the matrix, respectively. For pillars with diameters smaller than 
2 μm, a size dependent deformation behavior similar to ?-Fe was found. 
Additionally, it seems that the strengths and the scaling exponents 
dependent on the orientation of the pillars. Pillars with <111> and <123> 
orientations show a similar scaling as ?-Fe whereas pillars with <001> 
orientations have lower strengths and a scaling with a smaller exponent. 
The different strengths were explained by different resolved shear stresses 
assuming that glide can occur on {011} and {112} planes. The different 
scaling may be explained by the fact that more nucleation sites exist in high 
symmetry orientations than in pillars oriented for single slip. The onset of 
the size dependent behavior also seems to be orientation dependent and 
occurs at the smallest sizes for <100> oriented pillars. The effect of 
residual dislocations was investigated by experiments with cold rolled D04 
steel pillars that contain a high density of dislocation. For pillars with a 
diameter of 4 μm the strengths are higher than what was determined for the 
heat treated material. This increase is explained by work hardening and 
possibly the formation of a cell structure in this highly deformed material. 
In the cold rolled steel, almost no size dependence of the strength was 
found. It is argued that this observation is in agreement with the dislocation 
starvation theory since dislocation nucleation may not be a limiting factor 
for small pillars that already contain a high number of dislocations. 
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Figure 5.12: Summary of effects that may affect the size scaling of the mechanical 


















6. Deformation Behavior and Microstructure 
Evolution During Tensile Experiments 
In the Graduiertenschule 1483 deep drawing processes are simulated with 
the use of micro mechanical models (Project A2). These micro mechanical 
models are developed and verified by the use of experimental data that 
were received from tensile experiments and corresponding microstructural 
data before and during deformation. This chapter contains results of 
macroscopic tensile experiments that were performed on heat treated DC04 
steel. Besides conventional tensile tests on DC04 samples, special 
experiments were carried out to investigate the evolution of the 
microstructure during straining. The mechanical experiments were 
interrupted at predefined amounts of total strain. At each interrupt the 
sample was unloaded and characterized by EBSD before further testing 
was performed.  
6.1 Anisotropic deformation of DC04 sheet metal 
In order to investigate the macroscopic deformation behavior of heat 
treated DC04 steel, tensile experiments were performed with samples that 
were aligned parallel, 45° and 90° to the rolling direction. These 
experiments were the first experiments that were performed with this Ph.D. 
work. At that time the material directly coming from the production 
process was not available and therefore the experiments were performed on 
a different batch of DC04 steel as compared to the rest of the experiments 
presented in this thesis. Slight differences in composition may be possible 
and therefore deviations in the deformation behavior may occur. Results of 
the tensile experiments are shown in Figure 6.1.  
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Figure 6.1: Stress strain data of DC04 steel samples that were aligned parallel, 45° 
and 90° to the rolling direction 
The samples were not strained to the fracture strain since the 
experiment was used to characterize the microstructure and therefore the 
straining was stopped at 20%. The data clearly show, that the material 
exhibits higher yield stresses and tensile strengths when the sample is 
loaded at an angle of 45° relative to the rolling direction and that hardening 
is not very different for the different directions. 
6.2 Evolution of the microstructure during tensile straining 
Similar tensile experiments were performed on the standard heat treated 
DC04 steel that is used throughout this thesis. These experiments were 
performed on two samples that were aligned parallel to the rolling 
direction. The first sample was strained until fracture and the 
corresponding stress-strain data were monitored. The second sample was 
unloaded after 1 %, 5 %, 12 %, 19 % and 28 % plastic strain and the 
microstructure was recorded by EBSD. Before testing, platinum markers 
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were deposited on the surface of this sample using FIB [100], and used for 
measuring the residual plastic strain after each unloading step by SEM. In 
addition small dust particles served as markers to measure the residual 
plastic strain. Figure 6.2a shows an SEM image of the sample before 
straining with Pt markers and dirt particles (e.g. in the center). Figure 6.2a 
and b show the sample surface before and after 28 % of plastic strain. The 
green lines indicate how the plastic strain was determined. 
 
  
Figure 6.2: SEM images taken at 70° tilt (necessary for EBSD). Image (a) is the 
inital state. At the ends of the green lines are markers that are either Pt depositions 
or dust particles. Image (b) is the sample after 28 % plastic strain.  
Figure 6.3 shows the stress-displacement response of the heat treated 
DC04 steel with a yield strength of around 180 MPa and a tensile strength 
of around 325 MPa. The second sample was strained to increasing loads in 
five steps. The sample was unloaded after 140 N, which is close to the 
yield strength, after 0.6 mm, 1.4 mm, 1.1 mm and 1.8 mm. Table 6.1, 
contains the plastic strains as determined by SEM on three positions 
(Figure 6.2).  
(a) (b) 
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Figure 6.3: Stress-strain data of tensile specimen loaded parallel the rolling 
direction 
Marker 1 1.3% 5.1% 11.4% 18.2% 26.9% 
Dirt 
particles 0.9% 5.2% 12.3% 19.3% 28.1% 
Marker 2 1.4% 5.5% 11.4% 18.9% 27.8% 
Mean 1.2% 5.3% 11.7% 18.8% 27.6% 
Table 6.1: Results of the strain measurements by analyzing the marker distance on 
the sample surface after five unloading steps 
Figure 6.4 shows SEM images of the initial state and after 1 %, 5 %, 
12 %, 19 % and 28 % plastic strain. All images were taken at the same 
magnification. The dark grey areas that can be observed on the sample 
surface result from the EBSD measurements where the electron beam left 
carbon contaminated regions behind. During the tensile experiment the 
sample is strained in the horizontal-direction and therefore the EBSD area 
becomes longer and smaller in height. In images Figure 6.4c-f only the 
inner parts of the EBSD region remains visible. The images clearly show 
how the sample increasingly became rough and that more and more 
thickness variations and glide steps appeared with increasing strain.  
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Figure 6.4: SEM images of the sample at the initial state and after 1 %, 5 %, 12 %, 
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5% strain 12% strain 
19% strain 28% strain 
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To investigate the local changes of the crystal orientation during the 
tensile experiments, EBSD measurements were performed after each 
unloading. Figure 6.5 shows the EBSD maps of the unstrained sample and 
after each of the five unloading steps. The EBSD maps were plotted in two 
directions of the sample coordinate system, along the sheet normal and 
along to the tensile direction. After a plastic strain of 1 %, the EBSD maps 
show similar crystal orientations and grain shapes than the starting 
material. After 5 % plastic strain the crystal orientations start to change 
within the grains due to the deformation of the material but the shape of the 
grains does not change considerably. In the corresponding SEM image in 
Figure 6.5 first glide steps became visible after 5 % of plastic strain. After 
further deformation, the crystal orientations continue to change within the 
grains and the grain shapes start to deform and elongate along the tensile 
direction. After 20 % of plastic strain, the EBSD maps show larger regions 
in which the crystal orientations could not be determined anymore (white 
pixels) due to the roughness of the sample surface and the high dislocation 
densities that distort the Kikuchi pattern and lead to poor indexing during 
EBSD mapping.  
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Crystal orientation parallel to the 
sheet normal 
 
Crystal orientation parallel to the 













Figure 6.5: Inverse pole figure map of the sample before and after 1 %, 5 %, 12 %, 
18 % and 28 % residual plastic strain. The color coded inverse pole figure of the 
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The EBSD results shown in Figure 6.5 were also analyzed by plotting 
the {111}, {110} and {001} pole figures (Figure 6.6). The pole figures 
were calculated based on the EBSD data depicted in Figure 6.5. In the 
initial state, the non deformed material consists of discrete orientations 
(individual grains) but after 28 % strain large misorientations exist and the 
poles are not distinct so that it becomes difficult to analyze the individual 
texture components. Here a different approach is taken. In order to 
additionally obtain spatial information on individual texture components, 
maps of the microstructure (Figure 6.5) were used to track the evolution of 




Figure 6.6: Calculated pole figure for the {111}, {110} and {001} planes of the 
initial state and after 28 % residual strain 
The pole figures of the heat treated DC04 steels in section 4.1.1 and 
section 4.1.2 show that the texture has ?- and ?- fiber components, which 
implies that the <111> orientations are preferentially aligned parallel to the 
sheet normal and the <110> orientations are aligned parallel to the rolling 
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direction. Furthermore, the pole figures of the cold rolled DC04 steel have 
dominant <100> orientations that are aligned parallel to the sheet normal. 
For this reason the evolution of these main texture components 
(<111>||ND, <110>||RD and <001>||ND) during the tensile experiments are 
investigated in detail. Figure 6.7 shows the <111> and <001> out of plane 
orientations of the initial state and after 12 % and 28 % stain and the <110> 
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Figure 6.7: The <111> and <001> orientations are plotted with respect to the sheet 
normal and the <110> orientations parallel to the tensile direction. All orientations 
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The area fractions of the three components were analyzed after each 
unloading step and the results are plotted in Figure 6.8a and b. During 
straining, the area fractions of the <111> out of plane orientations decrease 
by ~12 % whereas the fraction of <001> orientations increase by ~2 %. 
The strongest change happens in the area fractions of the <110> 
orientations along the tensile direction (Figure 6.8b) which increase about 
roughly 20 %.  
 
Out of plane orientation Parallel to the tensile direction 
  
Figure 6.8: (a) shows the development of the area fraction of <111> and <001> 
orientations parallel to the sheet normal. (b) is the area fraction of <110> 
orientations aligned along the tensile direction.  
A detailed analysis of the orientations on the ?- and the ?-fibers are 
depicted in Figure 6.9. The results show that the {111} <110> and 
{112} <110> texture components increase during tensile experiments 
whereas the {111} <123> and {111} <112> components decrease. In other 
words, the overall density of the ?-fiber increases and the orientation 
density in the ?-fiber decreases.  
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Figure 6.9 ODF plots that show the ?-fiber and ?-fiber of the initial heat treated 
DC04 steel and after 1%, 5%, 12%, 19% and 28% plastic strain 
Besides investigations on the evolution of orientation during straining 
additional measurements on the evolution of misorientations within texture 
components were performed. These analyses were done with grains that 
have their <111>, <110> and <001> orientations aligned along the sheet 
normal and with grains having these crystallographic orientations along the 
tensile direction. Grains with these orientations were determined in the 
initial material within an angle of 15° and the development of their average 
misorientation was tracked after each unloading step. Figure 6.10 shows 
that the overall average misorientation increases after each unloading step. 
For the orientations parallel to the sheet normal no differences between the 
<111>, <110> and <001> orientations can be observed. The average 
misorientation at the end of the test is about 3° for all orientations. Grains 
with <111> orientations along the tensile axis show higher misorientation 
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Figure 6.10: Changes of the average misorientation tracked in grains with <111>, 
<110> and <001> orientations that are aligned parallel to the sheet normal and 
parallel to the tensile direction. 
The misorientation between the grid points of the EBSD area can 
further be used to calculate the density of geometrically necessary 
dislocation (equation (2.5)). Figure 6.11 shows the density of the calculated 
GNDs for the untested heat treated DC04 steel and its development over 
the five unloading steps. Before deformation took place the material had a 
dislocation density between 1012 and 1013 /m2 and after loading to 1 % 
plastic strain no clear increase in the dislocation density can be observed 
but slight changes in the patterns between both images are visible. After 
5 % plastic strain individual structures (yellow) with higher dislocation 
densities of roughly 1014/m2 developed within the grains. These cell 
structures are accompanied by glide steps on the sample surface as can be 
seen in Figure 6.4c. After further deformation to 12 % - 28 % plastic strain 
the number of these structures inside the grains increase with no change in 
misorientation within the individual structures. In general the density of 
GNDs increases with increasing plastic strain but the maximum density of 
~1014 /m2  is not exceeded.  



























































Figure 6.11: Calculated geometrically necessary dislocations from the presented 
EBSD data the previous images. The GNDs were calculated using equation (2.5). 
1% strain 
5% strain 12% strain 
Initial state 
19 % strain 28 % strain 
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6.3  Discussion 
6.3.1 Texture evolution during tensile experiments 
The evolution of the microstructure during the tensile experiment was 
investigated on a sample that was loaded parallel to the rolling direction 
(Figure 6.3). The microstructure was monitored by EBSD (Figure 6.5). The 
symmetry of the loading condition suggests that a texture along the tensile 
direction should form. It is expected that during plastic deformation the 
crystals rotate until several slip systems can be simultaneously active so 
that crystal rotation during deformation will be inhibited by the cooperative 
activation of several symmetrically equivalent slip systems. Deformation 
by rolling and deformation by tension testing both lead to the elongation of 
the sample along one axis. The deformation symmetry of both processes 
along this axis is the same, and therefore similarities in the texture exist. 
Rolling and tension have a component that leads to the elongation of the 
sample along one direction but rolling additionally contains a component 
that leads to the thinning of the sample on a plane perpendicular to the axis 
of elongation. From the point of view of symmetry, the rolling texture 
therefore may be considered as a special case of the texture that forms 
during deformation under tension. Due to the additional planar deformation 
its symmetry is expected to be reduced. The ?-fiber is the texture 
component that is associated with elongation and both deformation textures 
show this component. The ?-fiber is a result of the compression that occur 
during rolling. In particular the interaction of both deformation directions 
leads to low symmetry and a detailed structure in the fiber plots in the 
rolling texture. Little or no structure is expected to form during tensile 
deformation due to the rotational symmetry of this deformation mode. For 
example no texture component will form relative to the plane of the sheet. 
The observation that the existing density of the <111> out of plane 
orientation decreases by ~12 % (?-fiber) is in line with this consideration 
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since it is expected that this texture component should decay due to the 
above symmetry reasons. Also the strong build-up of the ?-fiber fits these 
considerations. In the observations the density of <110> orientations along 
the tensile axis increases by ~20%. This effect becomes evident when 
considering area fractions in the EBSD maps in figure 6.7 where the area 
fraction of green grains strongly increases during straining.  
Similar conclusions can be drawn from the evolution of the ?- and the 
?-fibers (Figure 6.9). During tensile loading, the ?-fiber in Figure 6.9 is 
shifted to higher intensities which implies that the grains rotate towards the 
<011> orientations during deformation. In the initial state, the ?-fiber 
shows a maximum for the {111} <110> components which is still present 
after 28 % plastic strain, although the distribution becomes wider. This is in 
agreement with the above symmetry considerations where a <110> fiber 
texture is expected to form along the tensile direction. Such a texture would 
not have preferred orientations along the sheet normal and therefore a 
smooth distribution of densities in the ?-fiber is expected. The decrease of 
the ?-fiber also fits to this scenario. Despite the overall decrease, the 
density around {111} <110> increases which suggests that some of the 
{111} grains start to rotate towards these symmetrically preferred 
orientations.  
When comparing the deformation textures between cold rolling 
(Figure 4.5) and 28% of tensile strain (Figure 6.9) the expected differences 
in intensities (smaller intensity in ?-fibers and less narrow ?-fiber) are not 
clearly visible. This may be due to the history of the sample. The sample 
tested under tension had been cold rolled and heat treated before the tensile 
test so that the assumption that the test started with a sample of random 
texture cannot be made here. 
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6.3.2 Anisotropic deformation behavior of DC04 steel 
The anisotropic deformation behavior of the heat treated DC04 steel was 
investigated by tensile samples that were aligned parallel, 45° and 90° to 
the rolling directions. The results in Figure 6.1 show that the material has a 
higher yield and tensile strength when the loading direction is applied at an 
angle of 45 degree towards the rolling direction. Experiments on a second 
sample yield slightly different strengths that are ~50MPa higher 
(Figure 6.3). This difference may be due to the slightly different chemical 
composition of both samples.  
The anisotropic deformation behavior of the sheet metal may be 
understood in terms of the behavior of the individual grains in this material. 
In the following, an attempt will be made to describe the stress strain 
response of the bulk material based on the mechanical behavior of the 
single crystalline pillars from chapter 5. This rather crude estimation is 
based on data from micro compression experiments of single crystalline 
pillars with different orientations and on the microstructure and in 
particular the volume fractions of the individual orientations in the sample. 
The size dependent deformation behavior of the DC04 steel was observed 
up to pillars diameter of 2 μm (Figure 5.5), for pillars larger than 2 μm no 
further decrease in strength was observed. Therefore it may be assumed, 
that the stress-strain data of pillars with diameters of 4 μm (Figure 5.2) 
represent the bulk behavior. The data for <111> and <123> orientations 
was presented and discussed in chapter 5. Unfortunately for pillars with 
<001> orientation only one sample was tested by microcompression and 
some uncertainty remains for this orientation. Also the stress-strain 
response of samples with <011> orientations was only investigated in 
pillars with a diameter of 2 μm. Altogether, no ideal orientation dependent 
data is available but nevertheless it will be attempted to explain the overall 
polycrystalline behavior based on measurements performed on the single 
crystalline micro pillars. The data that were used for this model are given in 
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Figure A1.1. The stress strain response (Figure 5.2c,d) and the deformation 
morphology (Figure 5.3g,h and Figure 5.4a) of polycrystalline micro pillars 
showed that grain boundaries do not strongly effect the strengths and 
deformation behavior of the samples. Therefore, the interaction between 
individual grains is neglected in this estimation.  
Besides stress-strain data from single crystals of different orientations, 
microstructural information is needed. Since volume fractions cannot be 
easily obtained from the EBSD maps without making further assumptions, 
area fractions are instead used to estimate the volume fractions. The texture 
of the heat treated DC04 steel was investigated by EBSD measurements on 
an area of roughly 1 mm2 (Figure 4.1). The EBSD results that are shown in 
Figure 4.1c are used to analyze the area fractions of the <111>, <110>, 
<001> and <123> orientations parallel, 45° and 90° to the rolling direction. 
All orientations that lie within 10° relative to the corresponding 
orientations were taken into account. It should be noted that an angle of 10° 
is rather large for bcc metals where the slip systems lie rather close but in 
order to capture enough orientations this assumption had to be made. 
 
 Parallel to the RD 45° to the RD 90° to the RD Area fraction (%) 
<111> 0.79 0.55 5.32 
<110> 19.12 15.63 13.20 
<001> 5.43 0.85 1.87 
<123> 20.68 22.81 12.89 
Table 6.2: Area fraction of grains with orientations that are less than 10° away from 
<111>, <110>, <001> and <123>. Data was determined from Figure 4.1 
In this estimation, the macroscopic stress strain data are calculated by 
assuming that all grains experience the same strain during deformation 
(Voigt model). The averaged stress-strain data for each orientation are 
multiplied by the area fraction A<???> of the corresponding orientation. 
6 Deformation Behavior and Microstructure Evolution During Tensile Experiments 
138 
The resulting macroscopic stresses ?????? ??? were obtained by a linear 
combination of all components according to 
?????? ??? =
?<111>??? ? ?<111> + ?<123>??? ? ?<123> +  ?<011>??? + ?<011> +  ?<001>??? ? ?<001>
?<111> + ?<123> + ?<011> + ?<001> . (6.1) 
In order to account for the effect that only four directions are 
considered and not all orientations data points are used (i.e. the columns in 
Table 6.2 do not add up to 100%) a normalization factor is used in 
equation (6.1). This estimation leads to the stress-strain responses that are 
plotted in Figure 6.12 which contains the result of this superposition for 
different sample directions. The results show that the estimated stress strain 
response differs from the macroscopic experimental results. The elastic 
modulus and the yield stress of the calculated data are distinctly lower than 
what was observed in the tensile experiments. This was already observed in 
the micro compression experiments in Figure 5.4b in which the 
deformation behavior of polycrystals during micro compression was 
compared to the tensile experiments. Lower elastic moduli and lower yield 
strengths are generally observed in micro compression experiments [54, 
101]. These effects are commonly ascribed to the interaction between flat 
punch tip and pillar top or to the concurrent compression of material 
underneath the pillar. A further cause for such effects may be due to slight 
misalignments between pillar and tip. All these effects are not taken into 
account in the microcompression data and may lead to characteristic 
changes as observed in the stress strain curves that were used here.  
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Figure 6.12: Stress-strain data (Figure 6.3) that were obtained from tensile 
experiments parallel and 45° relative to the rolling direction (solid lines) and 
simulated stress strain data from microcompression experiments on single 
crystalline pillars (red and green symbols) 
The estimated tensile strength for tests at 45° relative to the rolling 
direction is ~16 MPa higher than what was found in the other directions. 
This difference is due to the different area fractions of the <111>, <123>, 
<011> and <001> orientations along the different sample directions. It 
should be noted that this estimation strongly depends on the input data 
from the microcompression experiment. The reference data that was used 
here is data from chapter 5. It was not recorded for this purpose and 
therefore no exact angle dependence is available and a rather large area in 
orientation space (10°) was associated to each orientation. It is therefore 
quite surprising that the higher strength for the test at 45° could be 
reproduced with this crude estimation. The fact that a simple linear 
combination of the single crystal deformation data exhibits the trends in the 
sample anisotropy that are found in the bulk materials shows that the 
























6 Deformation Behavior and Microstructure Evolution During Tensile Experiments 
140 
assumption may be justified that grain interactions may not be important in 
this system. From this estimation it may be concluded that the anisotropic 
behavior is mostly determined by the texture of the sample and that grain 
shapes and grain interactions may not play a strong role in the deformation 
behavior of DC04 sheets. Also surprising is the fact that strengths are 
obtained that are not very far from the strengths of DC04 sheet metal. This 
further supports the observation that size dependent behavior does not exist 
for samples with dimensions larger than 4μm (Chapter 5).  
It is surprising that this simple concept produces reasonable stress 
levels and shows anisotropy trends as observed in the tensile tests. Such 
concepts have been successfully used before. For example Hansen et al. 
[102] used a similar concept to determine the macroscopic stress-strain 
curve of a polycrystalline aluminum sample based on tensile data of single 
crystalline samples which were weighted with the volume fractions of 
different orientations. The calculated data predicted the macroscopic stress-
strain response up to strains of 10% fairly well but overestimated the flow 
stresses at larger strains. In order to more accurately simulate the 
anisotropic deformation behavior, more complex estimations have to be 
made that consider the activation of the different glide systems and grain 
shapes using crystal plasticity modeling. This thesis is part of 
Graduiertenkolleg 1483 of the Deutsche Forschungsgemeinschaft and 
within this research training group such micro mechanical models are 





Ferritic deep drawing steels are commonly used in the automotive industry. 
Their deformation behavior is strongly influenced by their microstructure 
which is a result of alloying elements and mechanical and thermal 
treatments. In order to manufacture a sheet metal with desired mechanical 
properties, the influence of the different microstructural components on the 
deformation behavior of the sheet metal needs to be understood and the 
microstructure needs to be controlled. The aim of this work was to supply 
data in order to model groups for simulating steel production but also to 
gain a better fundamental understanding of how microstructure and 
mechanical behavior are related. Along this path of research, additional 
insights into the fundamentals of deformation and microstructural evolution 
of DC04 steel were obtained. 
The microstructural characterization showed that the process conditions 
have a very strong impact on the microstructure of the material. The hot 
rolled material consists of small grains with no preferred crystal 
orientations. After the cold rolling process the grains are elongated along 
the rolling direction and contain large misorientations corresponding to 
high dislocation densities (?1014/m2). As expected from cold rolling, 
pronounced ?-fibers?and ?-fibers were present. After the industrial heat 
treatment process, the microstructure consists of large grains and exhibits a 
stronger ?-fiber and a less distinctive ?-fiber than the cold rolled state. The 
evolution of the microstructure during heat treatment was investigated in 
detail by heating experiments at two different temperatures (647°C and 
680°C) and at different heating rates. These experiments gave insight into 
the development of different texture components and into local processes 
such as grain nucleation and growth. During the slow heating experiments 
at 647°C two distinctly different effects were observed. The evolution 
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started with a small increase of density in the {111} <110> orientations in 
the ?-fiber and an isotropic increase of the ?-fiber. This was accompanied 
by an intense growth of the {111} grains in the EBSD maps. These 
observations indicate that strongly deformed regions with {111} 
orientation start to recover and grow in excess of their neighboring grains. 
The nucleation of subgrains or reorientations of grains was rarely observed 
in the microscopic observations. After further heating only minor changes 
were found in the shape and spatial distribution of the grains but strong 
changes in the crystal orientation occurred where the density of 
{111} <110> orientations strongly increased. Surprisingly, the dislocation 
density in the grains kept reducing even after the grains already had 
stopped growing. Altogether the observations show that at 647°C the 
formation of the new macrostructure is controlled by grain growth and 
subsequent reorientations of grains. After the fast heating experiment to 
680°C, a microstructure with smaller grains had developed. The isotropic 
decrease of density in the ?-fiber and ?-fiber showed that the 
microstructure consisted of grains with almost random orientations. The 
observation of the two very different microstructures led to the assumption 
that the dominant mechanisms may change when the samples are heated to 
the two different temperatures. Therefore, two possible effects were 
discussed that may explain the changes in the observed microstructures. 
First, classic arguments were considered where recovery at low 
temperatures reduces defects and therefore the number of nucleation sites 
for recrystallization. Slow heating at low temperatures leads to only few 
nucleation sites and large grains will develop later during grain growth. In 
the fast heating to the higher temperature, there is little time for recovery to 
take place and more competing nuclei are present so that only small grains 
will form during recrystallization. These arguments can explain the 
observed microstructures but since classical nucleation in the form of 
subgrain formation was not found in the samples, an alternative description 
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was elaborated and used in a simple Gedankenexperiment. Here the 
microstructure evolution is governed by the competition between grain 
growth and recovery. At the lower heating temperature, grain growth is the 
dominant mechanism which results in large grains whereas at higher 
temperatures, dislocation mobility becomes dominant which leads to 
recovery without grain growth. The competition between both mechanisms 
leads to larger grains at 647°C and grains with sizes similar to those of the 
starting material at 680°C, consistent with the experimental observations. 
The size dependent deformation behavior of the heat treated DC04 steel 
was investigated by microcompression tests on pillars with different size. 
Experiments on single and polycrystalline pillars revealed the effect of 
alloying elements, precipitates, grain boundaries and stored plastic energy 
on the size dependent deformation behavior DC04 steel. The results were 
compared to the size dependent deformation behavior of pure ?-iron. In the 
heat treated DC04 steel, pillars with diameters larger than 2 μm show 
strengths that are higher than what was found for ?-Fe. These strengths are 
in agreement with the bulk strength as measured by tensile experiments on 
macroscopic DC04 samples. The increase in strength compared to pure 
iron is most likely caused by the solid solution of carbon but it may also be 
caused by particle strengthening of small MnS precipitates that were found 
in the matrix. For pillars with diameters smaller than 2 μm, a size 
dependent deformation behavior similar to ?-Fe was found. Strengths and 
scaling exponents depended on the orientation of the pillars. Pillars with 
<111> and <123> orientations exhibited a scaling similar to <211> 
orientatied ?-Fe with with an exponent around -0.8. DC04 pillars with 
<001> orientations have lower strengths and a smaller scaling exponent. 
The different strengths were explained by different resolved shear stresses 
assuming that glide occurs on {011} and/or {112} planes. The different 
scaling may be explained by the fact that more nucleation sites exist in high 
symmetry orientations than in pillars oriented for single slip. If the high 
7 Summary 
144 
stresses are due to the fact that dislocation nucleation is the strength 
controlling mechanism, concepts such dislocation starvation can easily 
explain the lower stresses found in the small samples with high symmetry. 
The deviation of the strength from bulk strength at the onset of the size 
dependent behavior also seems to dependent on the orientation and occurs 
at the smallest size for <100> oriented pillars. The deformation 
morphologies were investigated for pillars with diameters of 2 μm, 4 μm 
and 22 μm. From the morphologies it was observed that grain boundaries 
are no obstacles for dislocation motion since glide processes can run 
through grain boundaries. This interpretation is in agreement with the fact 
that no strengthening was measured when grain boundaries were present in 
the pillars.  
The effect of residual defects was investigated by experiments on cold 
rolled D04 steel pillars. For pillars with a diameter of 4 μm the strengths 
are higher than what was determined for the heat treated material. This 
increase is explained by work hardening and the formation of a cell 
structure in the highly deformed material. In the cold rolled steel, almost no 
size dependence of the strength was found. Small pillars of the heat treated 
material are stronger than the cold rolled material. This is in agreement 
with the concept of dislocation starvation since dislocation nucleation may 
not be a limiting factor for small pillars that already contain a high number 
of dislocations.  
The macroscopic deformation behavior was investigated by tensile 
experiments that were performed along the rolling direction. The evolution 
of the microstructure was monitored by EBSD after five unloading steps. 
During deformation, the ?-fiber strengthened according to what is expected 
from symmetry considerations. The existing density in the ?-fiber 
decreased with increasing plastic strain. This is expected since there is no 
symmetry in tensile straining relative to the sheet normal. The tensile 
experiments that were performed along 0°, 45° and 90° to the rolling 
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direction showed that heat treated material exhibits the highest strength 
when the sample is loaded at 45° to the rolling direction. In a simple 
model, the microcompression data of single crystalline pillars with 
different orientations were combined with the corresponding area fractions 
of the sheet metals using a Voigt model. This rough estimation shows that 
the mechanical anisotropy is mainly determined by the texture components 
of the sheet metal.  
In this work, site specific pillar testing was used to determine the 
mechanical properties of selected microstructural elements. Based on the 
local mechanical data it was attempted to describe the macroscopic 
deformation behavior of a material. For the rather simple low alloy steel 
considered in this thesis this concept could be used and even a simple 
Voigt model could reproduce trends in the plastic anisotropy of the bulk 
material. In order to more accurately predict mechanical properties or to 
apply this concept to advanced materials, more elaborate models and 
simulations are needed. Within Graduiertenkolleg 1483 attempts are made 
to establish simulations for more advanced steels. Near term goals are to 
extend this concept to duplex (ferrite/austenite) or dual phase 
(ferrite/martensite) steels and as long term goals complex multiphase 
materials such as TRIP (transformation induced plasticity) or TWIP 
(twinning induced plasticity) steels may even be considered. If such 
complex materials can be simulated based on local mechanical data an 
important goal comes into reach which is the use of simulations to predict 
suitable production routes for manufacturing steels with tailored 
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A Appendix  
A.1 Averaged stress strain data from micro compression 
experiments  
Figure A1.1 shows stress strain data that were obtained by micro 
compression experiments on single crystalline pillars (chapter 5) with 




Figure A1.1: Stress strain data on single crystalline heat treated DC04 steel pillars 
and the averaged curves that are calculated for each orientation. 




















































































Samples with <111>, <123> and <001> orientations had diameter of 
4 μm and pillars with <110> orientations have diameter of 2 μm. The 
stress-strain data were averaged for each orientation to obtain a 
representative curve. These averaged curves were used for the calculation 
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